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EXECUTIVE SUMMARY

This report contains the results of reactor fuel element design for conversion of the Massachusetts
Institute of Technology Reactor (MITR) from the use of highly enriched uranium (HEU) fuel to the use of
low enriched uranium (LEU) fuel. The analyses were performed by staff members of the Global Threat
Reduction Initiative (GTRI) Reactor Conversion Program at the Argonne National Laboratory (ANL) and
the Massachusetts Institute of Technology Nuclear Reactor Laboratory. The core conversion to LEU is
being performed with financial support of the U. S. government.

The goal of this work was to design an MITR LEU fuel element that could safely replace the current MITR
HEU fuel element and maintain mission performance while requiring minimal, if any, changes to the
reactor system. As a means to accomplish this, neutronic and steady-state thermal hydraulic
performance of the MITR was analyzed with various LEU fuel element designs. The evaluation included
the impact of assumed manufacturing tolerances and other uncertainties in reactor parameters.

Documents that were reviewed as bases for the design and safety evaluations were the MITR design
drawings and historic analyses of the facility. All of the information and data needed to construct the
reactor models and perform the analyses were provided by MITR. The current HEU fuel element has 15
plates that are 0.080 inch thick with 0.010 inch deep grooves along the length of the plate. These
grooves serve as fins to increase heat transfer area to the coolant. The HEU aluminide fuel contains
uranium with a >*U enrichment of 93 wt%, and is 0.030 inch thick in each plate. The Al-6061 aluminum
cladding at the base of the grooves on the HEU plates is 0.015 inch thick.

Prior LEU element design analyses with high-density monolithic alloy fuel have obtained equivalent
performance and fuel cycle with an 18-plate element with 0.020 inch thick fuel and 0.010 inch cladding
thickness (at the base of the fins). Whereas this prior MITR LEU design was based upon cladding
thickness of 0.010 inch, recent manufacturing development experience has led to a re-evaluation of the
minimum cladding thickness for reliable fabrication. These core and element design activities were
undertaken to determine if additional cladding thickness could be incorporated into an MITR LEU
element design. Since increased cladding thickness would displace water and degrade core reactivity,
removal of the fins was also explored as a goal of the work. Removal of the fins would not only increase
water to metal ratio in the core, but would also improve the economics of an MITR LEU element by
eliminating this fabrication step, which is unique to MITR fuel design among U.S. high performance
research reactors which refuel with HEU. In order to compensate for the loss of heat transfer area, an
increased core coolant flow rate has been considered, and distinct fuel thicknesses were introduced in
the outer plates of each element to limit heat flux peaking.

The proposed LEU fuel element designs have the same overall design and exterior dimensions as the
current HEU fuel elements, except for altering the number of fuel plates from 15 to either 18 or 19
plates; incorporating distinct thinner fuel plates in the outer plates of each element; altering the interior
and end channel dimensions; and removing the surface grooves. Furthermore, whereas the HEU
aluminide dispersion fuel is 0.030 inch thick, the proposed LEU fuel element designs have fuel meat
thicknesses of 0.020, 0.025, or 0.030 inch for interior plates, and thinner fuel zones in the outer plates.
Each proposed LEU design incorporates three distinct thicknesses of fuel so that the fuel in the outer
plates is progressively thinner with an outermost fuel thickness of 0.011-0.016 inch, depending on the
design. For all designs the fuel consists of U-10Mo monolithic foils containing uranium with a *°U
enrichment of 19.75%. The cladding consists of AlI-6061 aluminum and a thin layer of zirconium
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between the fuel foil and aluminum. The thinnest nominal combined zirconium and aluminum thickness
on the fuel plates is 0.012 inch of cladding.

For stability, all plates of an element have the same exterior thickness (for a given element design), and
so cladding is thicker in the outer plates of the element where the fuel is thinner. Plate thicknesses
among the various designs ranged from 0.044 to 0.059 inch thick, which is thicker than the prior LEU
design due to either thicker cladding, or thicker cladding and fuel. The cladding thickness is based on
feedback from the Fuel Development (FD) and Fuel Fabrication Capability (FFC) pillars to the Reactor
Conversion (RC) pillar of the GTRI U.S. High Performance Research Reactor Conversion program to
reliably manufacture the fuel plates. The LEU U-10Mo monolithic alloy fuel is not yet qualified as driver
fuel in research reactors, but is under intense development under the auspices of the GTRI FD and FFC
programs.

To design the proposed MITR LEU element, optimization analyses were performed to limit power
peaking factors so that acceptable shutdown and safety margins will still exist with the LEU fuel. The
designs were also required to maintain experimental performance comparable to the current HEU core
and, at a minimum, fuel cycle performance equivalent to the prior LEU design which was analyzed
assuming a 47 day typical LEU cycle; and refueling on a quarterly, or less frequent, basis each year.
Experimental performance evaluations demonstrated that a power up-rate to 7 MW is needed to
maintain neutron fluxes at key irradiation locations. Consequently, all future study of safety margins
should be evaluated relative to the uprated power of 7 MW. The HEU core has as a criterion for the
Limiting Safety System Settings (LSSS) avoidance of the onset of nucleate boiling (ONB). For the LEU
cores all designs were required to have sufficient margin to ONB (> 20% margin) so that the reactor may
operate at 7 MW with a margin at least equivalent to the current HEU core.

Given the constraints described above, element design parameters investigated include the number of
plates, fuel thickness(es), cladding thickness, removal of fins, lower fuel loading in the outer plates, end
channel size, and increased core coolant flow rate. Margin to ONB was calculated for each element
design by statistically sampling the effect of tolerances and uncertainties for both all-fresh and depleted
cores representative of MITR fuel management. In order to perform a whole core analysis, the limiting
location for each design was determined by finding the element, channel, stripe, and axial with the
minimum margin to ONB. Both fresh and depleted cores were analyzed in this manner. For many
designs considered, the depleted cores representative of current MITR fuel management were more
limiting than fresh cores; however each core loading requires individual analysis.

A systematic variation of parameters was carried out that allowed down selection of designs. These
calculations determined a range of LEU element designs with an adequate fuel cycle at the 7 MW LEU
power required to maintain performance equivalent to 6 MW HEU operation. Six candidate LEU
element designs with 0.012 inch cladding and no fins also demonstrated sufficient margin to ONB,
provided that core coolant flow rates can be increased, by approximately 10-20%. While the increased
core coolant flow rate has been demonstrated during pre-operational tests with the current pumps,
further evaluation is required. Complete safety analysis after selection of the most promising element
design is also required to determine steady state core flow rates and temperatures, and to finalize
related uncertainty assumptions presented is this report. The performance of the LEU element design
under accidents and transient scenarios also requires evaluation. The design selection will follow this
report with any input available regarding fabrication from the FFC pillar, and fuel performance
constraints from the FD pillar.
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1 INTRODUCTION

The Massachusetts Institute of Technology Reactor (MITR-II) is a research reactor designed primarily for
experiments using neutron beam and in-core irradiation facilities. It delivers a neutron flux comparable
to current light water power reactors in a compact 6 MW core using Highly-Enriched Uranium (HEU)
fuel.

In order to reduce the threat related to the dissemination of weapons-grade uranium materials, the
international community presently aims to minimize and if possible eliminate the use of HEU fuel from
civilian activities. As a part of this global effort, most HEU-fueled research and test reactors worldwide
have started a program of conversion to the use of Low-Enriched Uranium (LEU) fuel.

Previous work has analyzed an MITR-II LEU fuel element for both performance and safety margins [1-
11]. The reference LEU fuel considered for the conversion of MITR-Il is a new type of high density
Uranium-Molybdenum (UMo) alloy. This fuel is currently under development [12].

The goal of this work was to design an MITR LEU fuel element that could safely replace the current MITR
HEU fuel element and maintain performance while requiring minimal, if any, changes to the reactor
system. As a means to accomplish this, neutronic and steady-state thermal hydraulic performance of
the MITR was analyzed with various LEU fuel element designs. The evaluation included the impact of
uncertainties due to tolerances assumed in manufacturing.

Prior LEU element design analyses with high-density monolithic alloy fuel have obtained equivalent
performance and fuel cycle with an 18-plate element with 0.020 inch thick fuel and 0.010 inch cladding
thickness (at the base of the fins). Whereas this prior MITR LEU design was based upon cladding
thickness of 0.010 inch [13], recent manufacturing experience has led to a re-evaluation of the minimum
cladding thickness for reliable fabrication. These core and element design activities were undertaken to
determine if additional cladding thickness could be incorporated into an MITR LEU element design.

Low Enriched Uranium Core Design for the Massachusetts Institute of Technology
Reactor (MITR) with Un-finned 12 mil-thick Clad UMo Monolithic Fuel 1
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2 MITR REACTOR AND REFERENCE LEU DESIGN

This section provides basic information on the MITR-Il HEU and reference LEU element designs as
previously described in detail [3, 6].

2.1 General Description of the Core

The MITR-II facility is currently licensed to operate at 6 MW thermal power. It is a hexagonal core
containing 27 rhomboidal-shaped fuel locations in three radial layers (later referred to as rings A, B and
C) as shown in Figure 1. The 27 elements may be referred to with either the ring designation, or
sequentially counting from element 1 (A-1) to 27 (C-15). Typically three of these positions (two in the A-
ring and one in the B-ring) are filled with either an in-core experimental facility or a solid aluminum
dummy (to reduce power peaking and increase shutdown margin).

The core is cooled by light water circulated upward through the core from bottom to top and is
surrounded by a D,0 reflector. Boron impregnated stainless steel control blades are present at the
periphery of the core at each side of the hexagon. The control blades have sufficient reactivity worth to
shut down the reactor at any time. Each blade can be controlled independently but the 6 blades are
typically banked for normal operation.

C6

A\ 7‘\ / B3 | B2
corm e |

C-5 / Cc4
Housing
(inner wall) \\\"’
P

Blade 2

egulating
Rod

Figure 1. Layout of the MITR-Il Reactor Core.

Several reentrant thimbles are installed inside the D,0 reflector, delivering greater thermal neutron flux
to the beam ports outside the core region. Beyond the D,0 reflector, a secondary reflector of graphite
exists in which several horizontal and vertical thermal neutron irradiation facilities are present. In
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addition, a fission converter facility is installed in the graphite reflector. This facility contains eleven
partially spent MITR fuel elements for delivery of a beam of primarily epithermal neutrons to the
medical facility for use in Boron Neutron Capture Therapy (BNCT).

2.2 LEU Reference Element Design

The reference LEU element has been extensively discussed in [3, 5, 6]. The reference LEU element
contains 18 fuel plates made of aluminum clad and UMo monolithic fuel. The UMo fuel is enriched up to
19.75wt% of U and contains 10wt% of Mo for an overall fuel density of 17.02g/cc. The fuel
composition modeled is given in Table 1. As illustrated in Figure 2 and Figure 3, the reference LEU
element design contains 18 plates with fins. The cladding is made of 6061 aluminum which has a thin
layer (nominally 1 mil or 25um) of zirconium at the fuel/cladding interface. The zirconium layer is used
as a diffusion barrier to avoid the undesirable chemical reaction between the fuel foil and the aluminum
of the cladding. The fuel thickness is 0.508mm (20 mil), its width is 5.288cm (2.082inch) and its length is
56.833cm (22.375inch). Note that 1 mil corresponds to 0.001 inch. The cladding thickness is 0.254mm
(10 mil). In order to increase the heat transfer to the coolant there are 110 0.254mm (10 mil)
longitudinal fins in addition to the 0.254mm cladding. The thickness of the plate is 1.524mm (60 mil)
from fin-tip to fin-tip. The gaps between fuel plates form the interior channels. Their thickness is
1.8288mm (72 mil) from fin-tip to fin-tip. The end channel thickness is 50.5 mil from fin-tip to nozzle.
Important dimensions of the reference LEU element design are given in Table 2 which also gives the
equivalent dimensions of the HEU element. The data regarding the HEU and prior reference LEU
element design are being presented since the purpose of the analyses is to re-design the LEU element so
that it performs adequately while incorporating cladding thicker than 0.010 inch.

Table 1. LEU U-10Mo Monolithic Fuel Composition Modeled.

Isotope Atomic Density Density
(atom/barn-cm) (g/cc)

*Mo 1.578E-03 2.408E-01
*Mo 9.857E-04 1.537E-01
*Mo 1.699E-03 2.677E-01
**Mo 1.781E-03 2.837E-01
Mo 1.021E-03 1.644E-01
*Mo 2.584E-03 4.202E-01
Mo 1.033E-03 1.713E-01
Gl 1.025E-04 3.983E-02
2y 7.751E-03 3.025E+00
el 1.798E-04 7.046E-02
V) 3.082E-02 1.218E+01
total 4.953E-02 1.702E+01

Low Enriched Uranium Core Design for the Massachusetts Institute of Technology
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Figure 2. Reference LEU Fuel Element with Fins.
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Figure 3. Schematic of Prior MITR LEU Reference Element Outer 4 Plates (letters
indicate dimensions listed in Table 2).
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Plate and Channel Dimensions

(Schematic Labels Figs. 2-3) HEU LEU
Fuel plate length (inch) 23 23
Fuel meat length (inch) 22.375 22.375
Fuel plates per assembly 15 18
Interior (full) channels per assembly 14 17
End (partial) channels per assembly 2 2
(a) Fuel meat thickness (mil) 30 20
(b) Fuel meat width (inch)? 2.082 2.082
(c) Clad thickness, base of fin to fuel surface (mil) 15 10
(6061 Al) (6061Al + Zr)
(d) Plate to plate pitch, CL to CL (mil) 158 132
(e) Interior channel water gap, fin tip-to-tip (mil) 78 72
(f) Effective interior channel thickness (mil) 88 82
(g) Finned width (inch)® 2.2 2.2
Number of fins per plate 110 per side 110 per side
(h) Fin depth (mil) 10 10
(i)  Fin width (mil) 10 10
(j) Width between fuel meat and side plate (mil) 113 113
(k) Width between fins and side plate (mil) 54 54
() Channel width (inch)® 2.308 2.308
(m) Side plate thickness (mil) 188 188
(n) Side plate flat-to-flat, outer edge of one side plate to outer
. . 2.375 2.375
edge of second side plate on element (inch)
(o) Element end flat-to-flat (inch) 2.380 2.380
(p) Outer plate fin-tip to side plate end plane (mil) 44 38
(q) Effective outer plate gap to side plate end plane (mil) 49 43
Outer plate fin-tip to nozzle at full width (mil) 56.5 50.5
Effective outer plate gap to nozzle at full width (mil) 61.5 55.5

® For thermal hydraulic analysis, channel width is the fuel meat width of 2.082 inch (0.052883 m)

Low Enriched Uranium Core Design for the Massachusetts Institute of Technology
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3 TOOLS, METHODS AND SCOPE OF THE ANALYSIS

An acceptable LEU design must demonstrate acceptable performance and acceptable safety margins.
Acceptable performance means that the magnitude of the neutron flux in the experimental facilities
matches the current level that is obtained with a 6 MW HEU core. Also, fuel lifetime should at least
match that of the HEU core, and preferably exceed that of the reference LEU design. Safety margins
include reactivity shutdown margins and the margin to Onset of Nucleate Boiling (ONB) [14]. Simulation
of a complete fuel management scheme is complicated and computationally expensive. This is why the
element design process has followed a two-step process.

At first, as discussed in Section 4, modifications to the design have been made considering a fresh core
since calculations are based on a single core configuration. Impacts on performance and safety margins
have been analyzed. A down-selection of the most promising combinations of design modifications has
been carried out based upon these results. In the second step, as discussed in Section 5, these most
promising candidates have been analyzed in a representative MITR fuel management scheme where
performance and safety margins have been re-evaluated at each relevant time step. Section 3.1
describes explicitly the different neutronic parameters taken into consideration in this analysis and what
tools and methods have been used to evaluate them. Section 3.2 describes the implementation of fuel
management and Section 3.3 the thermal hydraulic methods used for both fresh and depleted core
analysis.

3.1 Neutronic Parameters and Tools in the Scope of the Fresh Core
Design Selection Analysis

All steady-state neutronic parameters have been evaluated using the Monte-Carlo code MCNP. The
MCNP model of the MITR reactor has been validated through benchmarking [3]. Depletion calculations
have been carried out with the MIT depletion code MCODE which is described in more details in
Section 3.2.2.

3.1.1 Neutron Flux in Experimental Facilities

The neutron flux is evaluated, for the critical state, at five distinct locations which are considered
representative of the overall performance of both the in-core and ex-core experimental facilities.

In-core:
o In-Core Experimental Facilities

— Utilized for fast flux irradiation of samples

— Three experiments can be loaded simultaneously with two in the A-ring (currently A1 A3 B3)

— An in-core sample assembly (ICSA) loaded into the A-ring, position A3, has been modeled as a
reference location for comparison of performance

— The A ring ICSA modeled is a helium-filled (two inch) diameter titanium tube surrounded by
solid aluminum within the A-3 core position. The central sample 7.6-inch tall region of the
tube was tallied empty for comparative purposes to be independent of particular sample
loadings.

A unique feature of MITR’s in-core experiment capabilities is high temperature irradiation. The high
temperature ICSA capsule has been demonstrated for up to 850°C, and a High Temperature Irradiation
Facility (HTIF) was demonstrated up to 1400°C using gamma heating. Additional evaluation of the

Low Enriched Uranium Core Design for the Massachusetts Institute of Technology
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performance of high temperature experiments is being conducted separately; however, thermal
assessments and associated re-design of the experimental devices is beyond the scope of the present
element design analyses.

Four ex-core facilities that follow are, similar to the ICSA, modeled for comparative purposes empty and
without sample-related materials.

Ex-core:
e  Twelve-inch Beam Port 12SH1
— Facility is representative of beam port facilities located just below the core, used in neutron
scattering and other applications

e  Two-inch Pneumatic Facility
— High flux pneumatic facility located in the six-inch radial port 2PH1 is tallied
— Neutron activation analysis and isotope production
— Positioned closer to core centerline than the horizontal ports such as 12SH1

. Fission Converter Window
— Fourteen-inch square window in the graphite reflector directly adjacent to the fission
converter facility is tallied. This area is representative of the thermal flux impingent upon the
fission converter fuel tank and is directly proportional to the epithermal flux available to the
medical facility for BNCT clinical trials

e  Below-core Thermal Beam Facility
— Water shutter below D20 reflector directly under core is tallied
— Facility now in use as a thermal beam
— Modeled with “open” water shutter (helium filled)

While many other in-core and ex-core facilities are utilized at MITR, these five metrics are considered
representative of performance since they cover the diverse regions and functions of the majority of
experiments and facilities. The variety of locations covered by these ex-core facilities is illustrated in
Figure 4.

Low Enriched Uranium Core Design for the Massachusetts Institute of Technology
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Figure 4. Schematic of the MITR Reactor Facility.

3.1.2 Shutdown Margin

Shutdown margins are evaluated at BOC with the reactor in a cold state (entire reactor at 10°C) as
described in Reference [3]. Shutdown margin requirements are met if there is at least 1% Ak/k negative
reactivity margin, for a xenon-free condition, with both the most reactive shim blade and the regulating
rod fully withdrawn and all experimental samples in their most reactive state.

3.1.3 Rundown Core Lifetime

Rundown depletion core lifetime calculations have been performed at the reference LEU power with all
shim blades and regulating rods withdrawn and starting with 24 fresh elements. As a figure of merit of
the designs, the core cycle rundown lifetime is reported as the time necessary for the excess reactivity
to be reduced to zero. This depletion calculation is not used to evaluate the fuel element consumption
but to provide an important insight into how the core will perform during more realistic fuel
management operations.

Low Enriched Uranium Core Design for the Massachusetts Institute of Technology
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3.2 Neutronic Fuel Management Methods and Tools
3.2.1 MITR Fuel Management

MITR has flexible fuel management incorporating 24 elements in three radial rings where elements can
be rotated and/or flipped. Elements can be used in-core over the course of several years, or held in
storage for future reloading. Fuel management representative of 12 cores, and approximately two
years, of historical operation was modeled. The results of these analyses were used to identify the best
candidate LEU element designs under conditions representing anticipated operations.

The computational complexity is increased for depleted cores since these cores reproduced over 80 fuel
shuffling operations required for MITR fuel management on 57 elements over this two year historical
period, including fuel movements, flips and rotations. These depleted cores may contain several fresh
elements loaded in order to increase reactivity, or may be loaded entirely of elements which have been
irradiated previously.

Nuclear fuel management entails making core loading decisions that influence how a reactor core’s
spatial distribution of flux, power and burnup vary. The power density spatial distribution drives the
thermal-hydraulic performance of the core, which is constrained by various safety performance limits
such as heat flux, margin to ONB, and limiting materials temperatures. The objective of nuclear fuel
management for conversion to LEU is to maintain reactor capabilities for experimental applications as
closely as possible to that for HEU fuel, while satisfying all constraints imposed.

Core fuel management modeling was utilized to meet the following objectives:

e to model a series of depleted cores that can generate a representative LEU fuel history;

e to shuffle the fuel effectively throughout the reactor operation over many cycles in order to
ensure that core parameters remain within the approved operating limits across a range of
cores and time-points in the cycle;

e to validate core operating strategies in order to obtain maximum operating flexibility and
optimum fuel utilization while at the same time remaining within the established safety limits;

e to ensure that the cycle length of the new core is consistent with expectations.

Fuel management calculations were performed for the MIT Reactor (MITR) to ensure that the reactor is
operating at full power within the safety limits at the critical state. Both the MCODE-2 [15] and MCODE-
FM [16] codes were utilized to perform the fuel management analysis.

3.2.2 Neutronic Fuel Management Tools

The code package MCODE (MCNP - ORIGEN coupled Depletion) [15, 17] links the continuous-energy
Monte Carlo code MCNP5 [18] with the point-depletion code ORIGEN2.2 [19] as detailed in other works
[5], and reiterated here. It uses the predictor-corrector method to calculate nuclide concentrations for
each time-step, which has been shown to be more accurate than the methods used in other similar
codes that use only the beginning-of-step or middle-of-step reaction rates for the depletion matrix in
the Bateman equations. Also, MCODE provides a more user-friendly interface for depleting a
significantly larger number of regions than was previously feasible. This is of particular interest for full-
core modeling of MITR-II.

Low Enriched Uranium Core Design for the Massachusetts Institute of Technology
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MCODE-FM [16], written in Python, was developed to replace the previous generation of MITR-II fuel
management utilities produced in the 1970s which were centered around the finite-difference diffusion
theory. It uses MCODE to deplete the fuel regions of a series of core configurations, optionally utilizing a
criticality search algorithm to track critical blade movement. The logic of MCODE-FM is rather
straightforward. It takes as input the material definitions for any number of fuel assemblies as well as
series of core loading configurations using those elements. Next it creates an MCODE input file for the
first core configuration by writing the MCNP cells, surfaces, and materials cards into the specified
location of a template MCNP skeleton file of the MITR-II core.

This core configuration is depleted with MCODE, and then the subsequent core configurations are
constructed with the appropriate material concentrations for each fuel assembly. This facilitates the
automation of long fuel shuffling simulations without the need to manually move materials around to
create MCNP/MCODE input files for each new core configuration. The user can specify how the
depletion materials are treated to balance accuracy and speed. Axially, a number of surfaces are written
to divide the fuel plates into any number of axial regions. Likewise, fuel plates can be grouped together
radially into any number of regions less than the number of fuel plates. For instance, if one radial region
is used for an assembly each plate will be depleted in MCODE using the same MCNP material. Unlike
prior works, in this design study each plate was depleted separately, not grouped with any other plates
other than for the reference LEU design which follows Reference [6]. Although the complexity of the
generated MCNP inputs is higher, and the number of reaction rate tallies needed for MCODE depletion
larger, the computational expense was reasonable. This versatile functionality facilitates whole core
neutronic analysis by allowing the user to control the tradeoff between accuracy and computational
expense.

3.2.3 Burnup and Fuel Behavior
Due to the effect of fission, fuel swelling occurs and can be calculated as per Kim and Hofman [20]:
(AV/V,); =5.0fy, for f4<3
(AV/V,); = 15 + 6.3(f4 — 3) + 0.33(fs — 3)% for fy4>3

where (AV/V,); is the fuel swelling due to both fission product solids and gas in percent and fy is fission
density in units of 102 cm?. Note (AV/V,); is not fractional but is given in units of percent. This uses the
original volume, V, , and the change in volume AV. The ***U burnup is estimated to represent the fission
density for the purposes of this study. This neglects the swelling arising from fissions due to other
actinides; however, on the whole, somewhat overestimates the swelling due to the non-fission
reactions, e.g. (n,y), consuming 25,

Local swelling of the fuel meat was estimated using a combined local fission density and lateral power
peaking factor as described in [22]. This was done since the fuel was not subdivided in the lateral
direction for depletion. The lateral power peaking factor from the MCNP power distribution analysis has
been applied to obtain an estimate of peak local burnup values.

Using the above method including lateral peaking, the axially averaged swelling for each stripe in the
channel may be computed. As discussed in Section 5, an evaluation of the thermal hydraulic reduction
in channel (stripe) flow area has been performed in this manner.
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3.3 Thermal Hydraulic Methods and Tools

This section discusses the method implemented in a computer program to perform analysis of the
steady state thermal hydraulic safety basis for MITR. Since the conversion from HEU to LEU will involve
a number of significant changes to the core, a new steady-state and transient thermal hydraulic safety
analyses is required. The number of required new safety analysis cases may be quite large.
Optimization of the new fuel element design as detailed in this report requires analysis of a large
number of design options. Also, since there is great flexibility in MITR reactor fuel shuffling and
reloading, it may be necessary to repeat at least part of the safety analysis in the future for every fuel
reloading. The main goal is to provide a standardized and automated procedure and tool for the safety
analysis. The work described in this section only addresses steady-state analysis as codified in the Stat7
program. Transient analysis of accidents is also required, but the transient analysis is not within the
scope of this report [20].

For steady-state operation, safety limit analysis is performed in order to protect against critical heat flux
(CHF) or departure from nucleate boiling (DNB). Since onset of flow instability (OFI) can lead to DNB,
OFl is also to be avoided. In order to provide additional margin, the limiting safety system settings are
based on avoiding onset of nucleate boiling (ONB) [14]. ONB will occur before either OFI or DNB.

The original thermal hydraulics approach was to calculate the margin to ONB at each axial node of the
limiting fuel plate stripe in the core. The stripes run the length of the fuel, from axial node 1 at the
bottom of the fuel to axial node 18 at the top of the fuel. For nominal dimensions before accounting for
uncertainties, the stripe with the maximum stripe power will be the most limiting; but it may also be
necessary to analyze the stripe containing the peak spot power to determine which stripe is limiting.
Since then, the steady-state thermal hydraulics calculations have been automated to the point that the
current practice is to calculate the margin to ONB for each axial node of each stripe of each plate of each
element in the core.

3.3.1 Channel Treatment

Figure 5 illustrates a cross section of the channel geometry used for thermal hydraulics calculations
where a number of axial nodes are modeled in this manner in the vertical direction.

Both interior channels and end channels must be considered. A simple interior ‘half-channel’ models
the middle of the fuel to the middle of the adjacent interior coolant channel. There are a number of
possible end channel geometries. An end channel models the region from the middle of the fuel of an
end plate, including the whole end coolant channel, to the surface of the side plate of an adjacent
assembly. This effectively models a coolant channel heated on one side but with wall friction on both
sides. Variations on this type of end channel include end coolant channels that face the core housing,
the inner hex or an arm (see Fig. 1). Qualitatively these situations are similar, but the end coolant gap
size depends on what the end channel is facing. Another possibility is that the end coolant channel of
one element could face the end coolant channel of another element, creating one larger coolant
channel heated on both sides.

Originally the calculations done for this work included only half of one fuel plate and half of an adjacent
coolant channel for an interior channel or an end channel heated on both sides. The entire adjacent
coolant channel was used for an end channel facing an unheated surface. Only a minor modification to
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the computational procedure was required to add the option to treat a coolant channel heated on both
sides. With this option an interior channel was modeled from the middle of plate 1 to the middle of
plate 2, as shown in Fig. 3.3-1. Also, an end channel heated on both sides can be treated more
accurately. The treatment has been extended to simultaneously treat every plate and every coolant
channel in an element.

In this channel treatment, the width of a sub-channel is equal to the width of a single stripe in the fuel.
The non-fueled sides of the plate and the coolant in contact with the non-fueled sides are ignored.
Lateral coolant mixing between stripes is ignored. Also lateral conduction between stripes in the fuel
and clad is ignored.

NOTE: not to scale
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Figure 5. Channel Geometry for 4 Stripes.

3.3.2 How Many Stripes Are Necessary?

One of the issues addressed by this work is the question of how many lateral stripes are necessary to
obtain an accurate or conservative evaluation of peak clad temperatures. The plate power profiles are
peaked fairly sharply at the sides of the fuel near the side plate since beyond the edges of the fuel there
is less fuel self-shielding of the thermal neutron flux, which causes most of the fissions. Absorption and
fission in the fuel reduces the thermal neutron flux in the fuel. The fuel is a source for high energy
fission neutrons but a sink for thermal neutrons.

Lateral thermal conduction in the fuel and the clad can reduce the peaking in lateral temperature
profiles. To investigate this situation a multi-stripe model, as shown in Fig. 3.3-2, was set up for the
RELAP5-3D code [22]. Eighteen channels were used to model the region from the middle of the end
plate fuel to the surface of the side plate of the adjacent assembly. Channels 1 to 16 model 16 stripes in
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the fueled part of the plate. Channels 0 and 17 model the plate and coolant between the sides of the
fuel foil and the side plates. Axial power profiles for a peak power LEU case were obtained with the
MCNP code for each of the 16 fueled stripes [24]. A number of variations on this model were run, with
and without lateral conduction between adjacent channels or axial conduction in the plate. Also,
adjacent fueled channels were combined to make 4 channels or 8 channels in the fuel for additional
cases. In all cases coolant mixing or direct lateral heat transfer between coolant channels was ignored.

RELAP5-3D is mainly a transient code. It does not provide a direct steady-state solution for this type of
case. Therefore, a null transient, starting from uniform temperatures everywhere, was run. For the null
transient the power levels, coolant inlet temperature, and total coolant flow rate were held constant;
and the transient was run until the temperatures reached steady-state.
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Figure 6. Multi-stripe RELAP5-3D Model.

Results from these RELAP5-3D multi-stripe runs are shown in Fig. 3.3-3. Axial conduction makes no
significant change in the peak clad temperatures, so no axial conduction cases are shown in this figure.
With no lateral conduction the peak clad temperature rise from the inlet temperature is proportional to
the stripe power, so the no lateral conduction results indicate the lateral power peaking. Lateral
conduction significantly reduces the peak clad temperature. The peak clad temperature for 4 stripes
and no lateral conduction is higher than that for 8 or 16 stripes and with lateral conduction. Therefore,
4 stripes are conservative for a multi-stripe steady-state calculation with no lateral conduction.
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Figure 7. Peak Clad Temperature Results from RELAP5-3D for Various Stripe
Discretization of the Fuel Plate and the Coolant Channel, both with and
without Lateral Heat Conduction in the plate.

3.3.3 Treatment of Uncertainties using Statistical Approach

For the thermal hydraulics calculations to support the LSSS settings, uncertainties in important
parameters are treated with a Monte-Carlo statistical propagation approach. For a given nominal
(measured) value of the total reactor power, a large number of histories are run. For each history the
values of important parameters are set based on random sampling from the uncertainty distributions
for respective parameters. Then a steady-state thermal hydraulics calculation is done for the channel. If
the clad surface temperature exceeds the ONB limit at any axial node, then the ONB count is increased
by one. Note that for a given history the result used in the statistical analysis is either a 0 (no ONB
anywhere) or a 1 (ONB at one or more axial nodes of one or more plates). The amount by which ONB is
exceeded in a history is not used. The ONB probability for the specified nominal operating parameters is
then given by the ratio of the number of ONB histories to the total number of histories. An iteration
process is used to repeat the calculations for additional nominal reactor powers until the power at
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which a specific probability of ONB occurring is predicted. During the reactor power iteration the
nominal values of all other parameters are held constant. Currently the specified probability of ONB
occurring is 0.00135, which corresponds to a 3-sigma confidence level of 99.865%.

The parameters whose uncertainties are treated with the statistical propagation approach are listed in
Table 3. The uncertainties listed in this table are treated as 3-sigma values, and normal distributions are
assumed for the uncertainties. For LEU designs the coolant gap size uncertainty may have to be
reevaluated.

Table 3. Parameters and Uncertainties.

Parameter 3-sigma
Uncertainty (%)

Reactor power 5

Local power 14.1°

Pump flow 5

Fin-to-fin interior channel 6.9°

coolant gap size )

Film heat transfer coefficient 20

a) The uncertainty considered in this work is 14.1% based upon the RMS combination of an assumed
10% uncertainty in the calculated power distribution, and a 10% uncertainty on power due to local fuel
homogeneity [4]. This manufacturing assumption is among those requiring confirmation using
fabrication data, and depends in part on the fuel foil thicknesses considered in the alternate element
designs.

b) Value presented in this section for comparison to previous work [7]. See Appendix A for assumed LEU
interior channel tolerances, based upon the same fractional variation of 5.7% at 3-sigma (1.9% at 1-
sigma) for all alternate element designs considered. Note that the coolant gap size uncertainty for an
end channel must be evaluated separately from the interior channel values in this table.

3.3.4 Code Implementation, the Stat6 Code

A small FORTRAN program, the Stat code, was written to implement and automate the thermal
hydraulics calculations for the statistical propagation method for MITR-Il.  The Stat code is not
integrated with neutronics. One neutronic calculation for each core configuration of interest must be
made to generate for the whole core stripe powers and axial power shapes used in the Stat thermal
hydraulic analysis.

A Stat6 case calculates the nominal reactor power level at which a specified ONB probability occurs for
one channel representing a stripe in one element. The input for a Stat6 case includes design information
such as that in Table 2, plus axial fuel plate power shapes for a stripe in one or two plates and the
fraction of the total reactor power in the stripe for the plate or plates, plus the standard deviations in
the probability distributions for the parameters listed in Table 3. Other inputs include the ONB
probability level, the number of Monte-Carlo histories for each reactor power iteration, and the first
value of the nominal power for the power iteration.
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The output from a Stat6 case is mainly the nominal reactor power level at which the specified ONB
probability occurs. Also output is some statistical information on the standard deviation of the ONB
probability for the final power iteration.

3.3.4.1 Thermal Hydraulics Calculations for a History

At the start of the thermal hydraulics calculations for a history, the nominal reactor power, P, is known
from the power iteration. The coolant outlet temperature, Ty, and the nominal pump flow are set by
the input. After some initialization, the calculations for a history go through the following steps in
order. Note that there is no over-all iteration in the thermal hydraulics calculations for a history,
although there are two-step iterations within some individual steps to make temperature-dependent
coolant properties consistent with the coolant temperatures.

Nominal Stripe Power and Flow

The nominal hot stripe power, Ps, is calculated as:
Ps = Prfcfs/(NeNpNs) (1)

Where
P = nominal core power
f. = the fraction of the fission power deposited in the core region (calculated value = 0.965)
fs = hot stripe power/core average stripe power
Ne = number of elements
Np = number of plates per element
Ns = number of stripes/plate

If the 2-plate option is used, then the nominal stripe 2 power, Ps, is calculated the same way using fsp,
the stripe 2 power/core average power, instead of fs.
The nominal interior channel stripe coolant flow, W, is calculated as

Where

W, = Nominal pump flow

ff = Coolant core flow fraction. This accounts for bypass flow.

ds = Plenum flow disparity factor; accounts for element to element flow variation

fin = Ratio of the average interior channel flow to the average channel flow. This accounts for
the average end channel flow being different from the average interior channel flow.

fst = Fraction of the coolant channel flow in the stripe region. This accounts for neglecting the
flow between the side plate and the edge of the fuel foil.

This section is skipped except for the first history of each reactor power iteration, since the results are
the same for later histories.
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Reactor Power and Pump Flow

The statistical sampling value, [Py], for the reactor power is randomly sampled from the probability
distribution function about the nominal value, P.. Also, the sample value, Wp, for the pump flow is
randomly sampled from the probability distribution function for the nominal value, Wy, which uses its
standard deviation.

Coolant Inlet Temperature

The coolant inlet temperature, Tjp, is obtained from
Tin = Tx = [Pt/ (W] Cp) (3)

where f. is the fraction of the power deposited in the core region (value assumed conservatively to be
0.965 and is to be reevaluated for final design). C, is the heat capacity of the water. Ty is the outlet
temperature, at the outlet of each axial node. A two-step iteration is used to obtain some consistency
between the temperature-dependent value of C, and the average core coolant temperature. In the
first step, Cp is calculated using Tx as the coolant temperature. In the second step Eq. 3 is repeated
with the temperature used for Cp based on the average of Ty and the first step value for Tin.

Hot Stripe Gap Size, Coolant Flow Area and Hydraulic Diameter

The statistical sampling value, [G], for the hot stripe gap size is obtained from the nominal value, G, and
the standard deviation. The coolant flow area, Ag, and hydraulic diameter, Dyg, for this gap size are
then calculated.

Hot Stripe Coolant Flow Rate

If the core channel pressure drop is mainly due to friction with a turbulent friction factor proportional to
the Reynolds number raised to the -0.25 power, then a channel flow rate will be proportional to the flow
area times the hydraulic diameter to the 0.714 power. Thus, the hot stripe coolant flow rate, W, is
obtained from

W = Wi ([W,]/W,) (Ac/Ao)(Dha/Dro)> (4)

Where

Ao = nominal interior channel stripe flow area

Dho = nominal interior channel stripe hydraulic diameter
Note that although Eq. (2) applies to the nominal interior channel, Eq. (4) can be used for either an
interior channel or an end channel if the appropriate values are used for Ag and Dpg.

Hot Stripe Axial Node Power Uncertainties

The axial node plate power in the stripe, [pj]j, for axial node j is obtained from

[pil = 65 [u] Ps (5)
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where

0j = input axial power shape, normalized to sum to 1.0
[uj] = local power uncertainty factor, obtained by statistical sampling from the local power
distribution.

The code has options to obtain a separate value for Uj for each axial node or to use the same value for
all nodes in a plate.

Axial Node Coolant Temperatures

The axial node coolant temperature, Ty, at the bottom of node j is obtained by starting with
the inlet temperature for node 1 and then using

ij+]_ = TWJ + pWJ /(Ws Cp) (6)

where the value of p,;, the power in the coolant, depends on the options being used. For an interior
channel for the single plate option and a full coolant channel, py; is equal to [pj]. For an interior
channel with the two plate option, Py;j is the average of the [p;] for the two plates. For an end channel
facing an unheated surface, py; is half of [p;].

A two-step iteration is used for each axial node to make the temperature-dependent value of C,
consistent with the calculated coolant temperatures.

Axial Node Coolant Pressures and Saturation Temperatures

The coolant pressure at the top of the core is calculated, based on the height of the water above the
core and the coolant outlet temperature. Then the pressure drop in each axial node is calculated, based
on friction and gravity head. The saturation temperature at each node is obtained after the pressures
are calculated.

Axial Node ONB Temperatures

The Bergles-Rohsenow correlation predicts the fuel clad temperature at which ONB occurs [25].

) 0-463.p00234
q

Telad oNB = Tsat +0.556) ———————
cla sa 1082. p1.156

(7)
Where
Tclad, oNB is the fuel clad temperature (°C) at which ONB occurs,
Tgsat is the saturation temperature (°C),
g” is the local heat flux (W/m?2), and
P is the pressure (bar).

Carnavos Fin Heat Transfer Coefficients and Clad Surface Temperatures

Low Enriched Uranium Core Design for the Massachusetts Institute of Technology
Reactor (MITR) with Un-finned 12 mil-thick Clad UMo Monolithic Fuel 19



ANL/GTRI/TM-13/15

The fin heat transfer coefficients are calculated using the Carnavos correlation [26]. The Carnavos
correlation is an empirical correlation based on 11 finned tubes of different number of fins, fin height,

fin helix angles and tube diameters. Carnavos fitted experimental data from these tests to obtain this
correlation within 10% error. The correlation is given as:

A
ﬁ)o-l . (i)o's . SEC3 a

Nu =0.023-Re,”*- Pro*.(
Afc Aa (8)

where Nu =h Dy, / k
Nu, Re and Pr are Nusselt, Reynolds and Prandtl Number, respectively. Other terms in the Carnavos
correlation and their counterparts in MITR are summarized in Table 4.

The clad surface temperatures are calculated from the coolant temperatures, the heat transfer
coefficients and the clad heat fluxes.

Table 4. Geometry Parameters in the Carnavos Correlation and Derived Values for LEU Fuel Element.

Symbol Meaning Counterpart in MITR element
Afa Stripe Width X ( water gap* + 2 Xfin
Actual free flow area height) — number of fins per stripe

X single fin area

A Open core free flow area at fin
fe P . . Stripe width X water gap*
inner diameter

Nominal heat transfer area based . .
. . o Nominal heated perimeter X fuel
on tube inner diameter as if fins lenath
en

were not present &

Actual heated perimeter X fuel
Actual heat transfer area
length

a Helic angle in finned tube 0

L (4 X actual flow area)/(actual wetted
Dha Actual hydraulic diameters

perimeter)

* water gap refers to the fin-tip to fin-tip distance

3.3.5 Statistical Sampling

The statistical sampling method is taken from a mathematical handbook [27]. A random variable Y is
said to be normally distributed with mean m and standard deviation G if the probability, Iy, that Y is
less than or equal to VY is given by

1 y 7(;7'2)2 d
e <o qt (9)
2 L"

uWSW=G
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orif X = (y — m)/o, then

X

e
hﬂ):%jf 2 dt (10)

Define Ig(X) = 1 — 1p(X)

Then if a random number, r, evenly distributed from 0 to 1 is obtained from a random number
generator, then sampling from a normal distribution is obtained by obtaining the value of X for which

r=1p(X) (11)
Alternatively, one can obtain random sampling from a normal distribution by using

r=lgq(x) (12)

Reference 27 gives a rational approximation for X(r) where r = Ig(X)

forr<0.5
X(r) =V = (Co + C1V + CoVA)/(L + dyv + dov?)  + £(1) (13)
1
V= Inr—2
Co = 2.515517 d; = 1.432788
c1 = 0.802853 d, = 0.189269
c, = 0.010328 ds; = 0.001308

le(r)| < 4.5 x 10™
forr>0.5

X(r)=-x(1-r) (14).

3.3.6 Comparison with Oracle-Crystal Ball Results

A consistent series of cases for various coolant outlet temperatures was run with the Oracle Crystal Ball
approach [28] and with the Stat code. Fig. 3.3-4 shows the results. For an outlet temperature of 60°C,
the results are almost identical, indicating that both approaches are equivalent.

Note that, for this comparison only, the uncertainty on local power was 10% (3-sigma). The slight
difference in slopes in Fig. 3.3-4 is probably due to differences in the treatment of the temperature
dependence of water properties where Stat calculates temperature-dependent water properties using
the axial node temperatures for each history.

Low Enriched Uranium Core Design for the Massachusetts Institute of Technology
Reactor (MITR) with Un-finned 12 mil-thick Clad UMo Monolithic Fuel 21



ANL/GTRI/TM-13/15

12

1 + = Stat

0.00135

Reactor Power, Mw, for ONB Fraction

40 45 50 55 60 65 .70 .75 .80
Outlet Temperature, C

Figure 8. Comparison of Stat and Oracle-Crystal Ball Results.

There are three advantages to the Stat code over the Oracle-Crystal Ball approach. The first advantage
is that setting up the Stat input and running the code is much simpler and less time consuming. Oracle-
Crystal Ball requires hand iteration to obtain a consistent solution. All iteration in Stat is done internally
by the code. Another advantage is that the Stat code can be easily expanded and integrated into a 3-D
fuel management program. The third advantage is computing speed. The Stat calculations for one
outlet temperature for 250,000 histories and ONB tests at all 18 axial nodes run in seconds. The Oracle-
Crystal Ball computer time is substantially longer because it is a general purpose software with a
spreadsheet interface.

3.3.7 The Stat7 Code

The Stat7 code is an expansion of the Stat6 code to treat Ny coolant channels and Np = Nen + 1
plates. This code can model one stripe of all of the plates and coolant channels in an element, from end
channel through the internal channels to the other end channel. @ When modeling an element
containing pr fuel plates there are pr — 1 internal channels and 2 end channels. Also, an extra plate is
added before the first end channel and another after the last end channel to account for whatever is
beyond the end channels. If the end channel butts up against the end channel of an adjacent element,
then the extra plate can model half of the end fuel plate of the adjacent element, with a zero heat flux
boundary condition at the middle of the plate. If the end channel butts up against an unheated side
plate of an adjacent element or against an unheated structural wall, then the only impact of the extra
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plate is to contribute to the wetted perimeter used in computing the hydraulic diameter of the end
channel.

3.3.7.1 Power Splits

When calculating steady-state temperatures for a series of plates separated by coolant channels, zero
heat flux boundary conditions at the centers of the plates cannot be assumed. Instead, a power split,
fps, must be calculated for each axial node of each plate. The power split for a plate surface is defined as
the ratio of the heat flux from the surface to the sum of the heat fluxes from both surfaces. The
approach taken in Stat7 for calculating power splits involves assuming that the plate power density is
uniform across the thickness of the fuel. Then a zero heat flux boundary condition occurs a fraction fps
of the way across the thickness of the fuel. The value of the flow split is set so that the peak fuel
temperature calculated starting from the bulk coolant temperature on one side of the plate equals the
peak fuel temperature calculated starting from the other side. For the extra plates at the ends, the
power split is assumed to be 0.5 at all axial nodes.

3.3.7.2 Comparison of Stat7 Results with RELAPS Results

For verification of the Stat7 thermal hydraulic calculations, a comparison was made of the results from a
Stat7 case and from a RELAP5 case that was set up to be equivalent to the Stat7 case. One stripe of an
18 fuel plate element with fins was modeled in both codes. The fins are 8 mils high, 10 mils wide and 10
mils apart, giving a surface area of 1.8 times as high as a no-fins case. Stat7 uses a Carnavos film heat
transfer fin factor of 0.75 for this case. RELAP5 does not have a fin treatment, but fin heat transfer
effects were accounted for by multiplying the plate surface area by 1.8 x 0.75 = 1.35. In order to obtain
the correct temperatures in the plates, the clad and fuel thermal conductivities used in RELAP5 were
divided by 1.35.

Stat7 calculates steady-state coolant flow rates and temperatures. RELAP5 does not have a steady-state
solver, so the RELAPS case was run as a null transient with powers, total element flow, and the coolant
inlet temperature held constant at the Stat7 values for 300 seconds. The RELAP5 transient results
settled down to steady-state values well before 300 seconds.

Figure 9 shows the coolant mass flow rates by channel. For this case the end channels both had the
same gap size, and all interior channels had a second same gap size. The small differences between the
Stat7 results and the RELAPS results are probably mainly due to the change in water viscosity with
temperature: an effect that is not included in the Stat7 calculation.
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Figure 9. Comparison of Stat7 and RELAP5 End Channel and Interior Channel Flow Rates.

Figure 10 shows the coolant temperatures for the end channel and for the first two interior channels.
One slight complication is that RELAP5 prints axial node coolant temperatures at the outlet (upper
boundary) of the node and uses these node boundary coolant temperatures in the calculations for the
axial node plate temperatures. Stat7 uses coolant temperatures at the middle of the axial node in the
calculations for the axial node plate temperatures. The Stat7 temperatures in Figure 10 are mid-node
temperatures and are plotted at the middles of the nodes. The RELAPS temperatures in this figure are
node boundary values plotted at the node boundaries. Thus the coolant temperatures in Figure 10 are
plotted consistently. On the other hand, the axial node plate temperatures calculated by RELAPS are
based on node boundary coolant temperatures but node average heat fluxes. In the following figures
for plate temperatures, the axial node plate temperatures for both Stat7 and RELAPS are plotted at the
middle of the node. For RELAP5, the film temperature rise, based on the node-average heat flux, is
larger than the bulk coolant temperature rise in half of an axial node.

Figure 11 and Figure 12 show the comparisons for the clad surface temperatures and the peak fuel
temperatures. Figure 13 shows the comparisons for the plate power splits at each axial node.
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Figure 10. Comparison Between Stat7 and RELAP5 Coolant Temperatures for an End
Channel and the First Two Interior Channel.
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The comparisons between Stat7 results and RELAP5 results show, for this family of channels verified,
that the thermal hydraulic calculations in Stat7 have been implemented correctly. Also, the method
used to account for fins in RELAP5 is consistent with the Carnavos treatment in Stat7. Also, the
comparisons in Section 3.3.5 between Stat6 and Oracle-Crystal Ball results show that the statistical
methods are equivalent. Stat7 is a key tool that in this work has been used for optimization of the new
fuel element design.
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Figure 12. Comparison Between Stat7 and RELAP5 Peak Fuel Temperatures for an End
Plate and the first Interior Plate.
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3.3.8 Determination of LSSS

In summary, the Limiting Safety System Settings (LSSS) are based on Onset of Nucleate Boiling (ONB) in
the core. Uncertainties are accounted for in the analysis by using Monte Carlo uncertainty propagation
of the parameters influencing ONB, as discussed above. The requirement is that the measured total
reactor power should have at least 20% margin to the power at which the ONB (Pgyg) is found to occur
with a 3-sigma confidence level of 99.865%. The margin between HEU licensed power and LSSS power is
20%, and so this should be maintained in the LEU case in order to provide an equivalent margin [14,29].

Using a 3-sigma confidence level of 99.865%, the probability of ONB occurring in the most limiting
element is 0.135% at Pong. As is the case in the HEU core, it is proposed that the total core reactor
power, P,, should have an additional 20% margin to the ONB power, Pong, such that P, = Pons / 1.2, All
channels of an element are analyzed, including end channels. Each element is analyzed in this manner
so that a whole core analysis may identify the most limiting locations for each core configuration
considered. It should be noted that margin to Critical Heat Flux (CHF) or Onset of Flow Instability (OFI)
are not treated in these analyses. A large margin to CHF has been previously demonstrated for MITR
and is not anticipated to be limiting; however, both CHF and OFI will be analyzed in detail in subsequent
safety analysis [14].
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4 LEU ELEMENT DESIGN WITH FRESH CORES

This section describes the different design modifications that have been considered to develop an
acceptable alternative LEU design without fins on the cladding. The section starts by presenting the
characteristics of the reference LEU design (with fins) and then re-evaluates these parameters using the
same fuel element configuration without the fins. In this portion of the LEU element design,
modifications to the design have been made considering a fresh core since calculations are based on a
single core configuration before proceeding to calculations which include fuel management as found in
Section 5.

4.1 Evaluation of the Reference LEU Design

The reference LEU design, and all other fresh core design candidates, considered in this section contains
22 fresh LEU UMo monolithic elements, four dummy elements (positions A-2, B-3, B-6 and B-9) and one
experimental non-fueled element (position A-3) as shown in Figure 1. The light water circulating through
the core is set at 46°C. The heavy water reflector is modeled at a temperature of 54°C. While the heavy
water temperature modeled matches normal operation of the HEU core, the light water temperature of
the LEU core may slightly differ due to several parameters. The mixed mean core coolant temperature
has been previously used to represent the reactor [3]. This mean temperature depends on the reactor
power, inlet temperature, and coolant flow rate. Since reactor power and core coolant flow rate are
design variables in this study, and the inlet temperature may be varied in later design analysis, the fixed
temperature of 46°C is considered representative and will require final determination during future
plant and safety analysis which will include the core coolant flow rate. However, given the expected 7
MW operating power, flow rates assumed in this study up to 2200 gpm, and inlet temperatures
anticipated to be at, or lower than, the current 44°C inlet temperature, the light water temperatures
modeled should compare reasonably within a few degrees Celsius. These assumptions provide the
required level of accuracy in order to make determinations regarding element design selections. In
these assumed conditions, the reference LEU design critical blade position is 22.78cm (8.97inch)
withdrawn.

4.1.1 Performance

The neutron flux was evaluated in the five reference locations described in Section 3.1.1. At 6 MW, the
neutron flux drops by 8% to almost 13%, depending upon the location, compared to the HEU core
operating in the same conditions (fuel location, temperature and power). The detailed results are
presented in Table 5, with statistical uncertainty at 1-0 <2%. The LEU power (this applies only to the
fresh core of this design) needs to be increased to 6.9 MW to match the HEU 6 MW core neutron flux
performance everywhere. The reference power for the LEU core is therefore chosen to be 7 MW, which
is the same value used in previous analyses.
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Table 5. Neutron Flux Performance of the Reference LEU Core.

Experimental facility
Twelve- . ..
In-Core inch Two-inch Fission Below-core
inc
Irradiation B Pneumatic Converter | Thermal Beam
eam
(A2) Facility Window Facility
Port
Energy >0.1 MeV <0.4 eV <0.4 eV <0.4 eV <0.4 eV
LEU 6 MW flux / HEU 6 MW flux 929% 89% 87% 899% 89%
(%)
LEU power equivalent to HEU 6.5 6.8 6.9 6.8 6.7
6 MW performance (MW)

4.1.2 Shutdown Margins

The shutdown margins obtained with this reference configuration are given in Table 6. The maximum
uncertainty associated does not exceed 0.05% Ak/k within one standard deviation. These margins are
evaluated with the reactor in a cold state (10°C) with 5 blades fully inserted and one of the 6 blades and
the regulating rod fully withdrawn. The margins remain relatively close in the six cases considered (3.05
to 3.20%). The limiting blade is the one that yields the smallest shutdown margin. It is seen from Table 6
that blade 2 is the limiting blade. For every case, the margins are well above the 1% Ak/k requirement.

Table 6. Shutdown Margins for Reference LEU Configuration.

Blade fully withdrawn (with regulating rod fully withdrawn)
#1 #2 #3 #4 #5 #6
Ak/k (%) 3.15 3.05 3.20 3.15 3.20 3.10

4.1.3 Power Distribution and ONB Margins

Local power distributions were calculated using MCNP tallies. The power distributions calculated with
3D detail, resolved to each axial segment of each stripe, of each fuel plate loaded in the core. Minimum
ONB Margin of each core configuration was then calculated by the Stat7 code, statistically sampling the
effects of uncertainties and tolerances in addition to the local power detail.

Peak spot and peak stripe heat flux values are reported in Table 7. The maximum tally uncertainty
associated with local power tallies is below 1% within one standard deviation. The location is designated
as EvPwSxAxySUz (with v the element number; w the plate number; x the stripe number; y the axial
node number; z the plate surface, if it applies). In this report, the fuel has been divided in 18 axial nodes.
Axial node 1 represents the bottom of the fuel, and axial node 18 the top of the fuel. The axial sequence
used in this report is consistent with the sequential direction of flow in the channel. The surface number
indicates in which channel Pgys occurs. Surface number is 1 if it refers to the channel before the plate
and 2 if it refers to the channel after the plate. For instance, surface 1 of plate 1 refers to the end
channel and surface 2 refers to the channel located between plate 1 and 2. The location presented in
Table 4 matches that given previously except for the axial location [6]. The slight variation is expected
due to control blade position change. In this report the fresh core differed from the prior reference
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element analysis only in the presence of an ICSA, and the coolant temperature assumed as discussed
earlier in Section 4.1. These peak locations are, in general, a good indication of where the limiting ONB
spot will occur. For nominal dimensions (before accounting for uncertainties) the stripe with the
maximum stripe power will be the most limiting. However, once the hot channel factors are included
the most limiting spot may shift to another location. It has been observed that the most limiting location
with respect to ONB is ordinarily just above (i.e., down-stream from) the location of peak power in the
stripe.

The Limiting Safety System Settings (LSSS) are based on Onset of Nucleate Boiling (ONB) in the core as
discussed in Section 3. The evaluation of the margin to ONB has been carried out for all nodes in the
core as described in Section 3. For the reference LEU configuration, the minimum ONB power is found to
be 9.71 MW with a 3-sigma confidence level of 99.865% at 1800 gallons per minute (gpm) core flow rate
and otherwise using uncertainties detailed in Appendix A. It occurs in location E27P1S1Ax8SU1 which is
in the end channel of element C15 (element 27), in the stripe and plate where the peak heat flux spot
occurs. The ONB Margin for the all-fresh core of reference LEU elements is 39% (i.e., 9.71 MW / 7.0
MW).

Table 7. Peak Heat Flux Values for Reference LEU Configuration.

CORE PEAKS Peak spot Peak stripe
Heat flux (W/cm?) 87.6 55.5
Peak/Core average 2.98 1.89
Location E27P1S1Ax5 E27P1S1

4.1.4 Rundown Core Lifetime

A depletion calculation has been carried out with the reference LEU configuration but with 24 fresh LEU
elements instead of 22 as used previously. The 2 dummy elements are located in positions A-1 and B-3,
and one experimental non-fueled element (ICSA) is located in A-3. For depletions, 24 elements are more
representative of typical loading of the MITR variable core configuration. These calculations are
referred to as ‘rundown’ calculations since there are no fuel management operations to re-position fuel
or load fresh fuel. The control blades are withdrawn, and the reactor is depleted until subcritical. These
depletion calculations have been carried out at a constant power of 7 MW. Figure 14 shows k-effective
as a function of time. As can be seen in Figure 14, the rundown core lifetime for this configuration is
about 320 days (the time for the excess reactivity to be zero).

This core lifetime is not believed to be representative of the real fuel consumption during a fuel
management irradiation for a core containing fuel at a variety of burnups. Nonetheless, it provides a
good indication of how well the core will perform. It has previously been shown that the reference LEU
design provides sufficient core lifetime in a given reference fuel management scheme [6]. In the
remainder of Section 4 discussion of design modifications, the rundown core lifetime will be used as an
indicator of how well the reactor could perform. Representative performance will be evaluated in cores
operated under a selected fuel management scheme in Section 5. Core lifetime of design candidates is
gauged, prior to fuel management calculations, against the reference LEU design which was calculated
with a 1-o uncertainty estimated at £ 5 days.
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Figure 14. K-effective During Irradiation at 7 MW of 24 Fresh LEU Elements Using the
Reference LEU Configuration.

4.2 Removing the Fins of the Reference Design

The relevant parameters of the reference LEU design have been established in the previous section. In
this section, the configuration used is the same as the reference one but the cladding has no fins. The
neutronic model is identical since the fins were not explicitly modeled but homogenized (cladding
thickness of 15 mil) and the cladding thickness of the model without fins is also 15 mil.

Since in this case the neutronic models are identical, all neutronic related parameters such as
performance (neutron flux and core lifetime) shutdown margins and power distribution are unchanged.
However, margin to ONB (and other thermal-hydraulic margins) will be impacted by the change since
the cooling surface area is reduced by removal of the fins.

4.2.1 Power Distribution and Margin to ONB

Removing the fins decreases the heat transfer surface area, which in return increases the fuel and clad
temperatures. To illustrate this point, the axial cladding temperature profile of element C-15, plate 1,
stripe 1 obtained at 8 MW with the configuration with and without fins is presented in Figure 15 for an
example case with otherwise identical but randomly sampled uncertainties. Recall that the power
distribution used to calculate the temperature is identical. As one can see the temperature increase due
to removal of the fins is significant since it leads, at this power, to an increase of about 30°C in the
hottest region. Consequently the limiting ONB power decreases substantially as shown in Table 8. The
new limiting power of 5.01 MW is well below the LSSS requirement of 8.4AMW. The location is on the
same stripe of the same plate, but it is shifted by one axial node.
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Table 8. Limiting ONB power and Corresponding Location for Reference Configuration
with and without Fins.

Limiting ONB power Location
Reference LEU with fins (MW) 9.71 E27P1S1Ax85U1
Reference LEU no-fins (15 mil clad) (MW) 5.01 E27P1S1Ax7SU1
Variation no-fins / fins (%) -48.4%
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Figure 15. Axial Cladding Temperature Profile in Element C15, Plate 1, Stripe 1 for
Reference LEU Configuration With and Without Fins at SMW.

4.3 Design Parameters Used to Increase ONB Margin

From the previous analyses, as expected, removing the fins from the reference LEU design leads to a
significant reduction of the ONB margin. The following section presents the different solutions that have
been considered to increase the ONB margin to an acceptable level.
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4.3.1 Increased End Channel Dimension

The minimum margin to ONB occurs in the reference design in the end channel adjacent to the first
plate. Accordingly the influence on the ONB margin of the end channel size relative to the others has
been investigated. The ratio of the end channel gap thickness dimension to the interior channel
dimension has been explored, and is hereafter referred to as the end channel ratio (ECR). By increasing
the ECR, the interior channel gap thickness decreases. This leads to a redistribution of the flow and an
increase in the coolant velocity in the end channels. By having more coolant circulating through the end
channels and at higher speed, the end plates are expected to be cooled more efficiently, increasing the
margin to ONB by making that location less limiting.

In the reference LEU configuration the ECR is 67.7%. In this work, the ECR has been varied over a
substantial range. The limiting ONB power versus the ECR for the reference LEU design is presented in
Figure 16. As expected, the ONB limiting power increases with the increase of ECR. As can be seen
however, the improvement is relatively limited: about 10% with an ECR of 90%. Consequently, modifying
the ECR cannot be the only design modification considered. In the following sections, the ECR has been
set at 88% which leads to an increase of 10% in the limiting ONB power. No significant impact on the
other parameters (neutron flux, core lifetime, shutdown margins) has been observed by changing the
ECR to 88%.

Due to the uncertainties in the fabrication of the end channels, tolerances may be substantial as
discussed in Section 2.2 of Reference [6]. It is advantageous for fabrication, as well as for safety margin,
to have an element which is not limited by the end channel. This ECR value is considered reasonable
pending results presented in Section 5 for cores incorporating fuel management of depleted fuel. This
and other changes analyzed in Sections 4.3 and 4.4 are made so that each design feature is added
cumulatively as changes to the reference LEU design in order to determine the incremental benefit to
the element performance.
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Figure 16. Limiting ONB Power vs. End Channel Ratio.
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4.3.2 Increased Core Coolant Flow Rate

The HEU core currently has an LSSS primary coolant flow rate of 1800 gallons per minute (gpm)
circulating through the core [14]. The nominal flow rate through the HEU core is 2000 gpm which
corresponds to roughly a 2 m/s average channel velocity. If the flow rate could be increased
substantially, consideration to designs with significant economic advantages could be pursued (e.g.
elements with significantly fewer plates). The reactor facility has had limited experience with higher
flow rates through the core during zero power testing with a fueled core. In 2010, many of the
secondary cooling components and pipes were upgraded or replaced. Hence, pre-operational tests
were conducted at flow rates up to 2400 gpm for short durations without observing any unusual effects,
and the current pumps installed are rated up to a combined 2400 gpm.

Significantly higher flow rates than this, however may be unattainable, because some sections of
primary piping have an inner diameter as small as 7.25 inch in locations that would present significant
difficulty to retrofit. The performance of piping of this diameter would further require evaluation if
significantly higher flows than 2400-2600 gpm were utilized. For this reason, and since the secondary
system is designed to reject heat with a similar temperature rise across the core, flow rates higher than
the capacity of the current pumps have not been considered in this report.

The minimum ONB power, Poyg, for the core versus the flow rate has been calculated using an ECR of
88%. Results are shown in Figure 17. The limiting ONB power increases nearly linearly with the flow as
expected. A flow rate increase of 25% (from 1800 to 2250 gpm) leads to an increase of almost 25%
(from 5.5MW to 6.8MW) in the limiting power. Though this increase in margin is significant, it is still
insufficient to satisfy the LSSS requirement (8.4MW for an operating power of 7 MW). An assumption
that the core can maintain LSSS core flow rates of 2200 gpm is made through the remainder of this
report. Evaluation of the required and feasible flow should continue in future conversion activities.

As noted in Section 4.1, flow rate impacts the coolant temperature rise across the core. Since the core
average coolant temperature varies only slightly across the range of designs, no changes in the
neutronic model regarding temperature have been made in this or later cases examined. As an
example, in the cases shown in Figure 7, the impact of the core flow rate change on reactivity is
expected to be at most a modest 0.06% Ak/k.
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Figure 17. Limiting ONB Power Versus Flow Rate through the Core (reference LEU
configuration without fins and ECR of 88%).

4.3.3 Increasing the Number of Plates

The impact of a change in the number of fuel plates has been explored. At a given power and flow rate,
the increase in plate number would reduce the amount of heat per unit surface and also increase the
coolant velocity through the core leading to better heat removal and increased margin to ONB. Figure 8
presents the minimum ONB power, Poyng, VS. the number of plates for a 2200 gpm flow rate and
elements with 88% ECR, 15 mil cladding, no fins, and matching the reference LEU design in other
respects. The number of plates has been varied from 17 to 20 due to expected limitations in hydraulic
margin for cases with fewer plates, and due to low fuel lifetime with additional plates displacing
moderator. The evolution of the limiting ONB power with the number of plates has been analyzed using
a volumetric flow rate of 2200gpm and ECR of 88%. Results are presented in Figure 18. As one can see,
increasing the number of plates has a limited impact on the ONB margin not exceeding 5% for a 20-plate
configuration.
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4.3.4 Reducing the Meat Thickness of the Outer Plates

Since the limiting ONB power occurs on the edges of the element, the impact of a meat thickness
reduction in the outer plates, on both sides, of the element has been considered. The ONB power can
be increased by reducing power of the outer plates of the element which have been limiting in both
fresh and depleted core designs analyzed previously [6, 8]. Although the concept of flattening power
profiles has been used throughout reactor design, implementing this into a core conversion is
challenging due to the combination of competing effects. Although thinner plates aid in reducing power
peaking, they also degrade fuel lifetime. Since MITR loads into 3 radial rings and can rotate elements,
plates on both sides of the element must be thinned, which lowers fuel loading throughout the reactor
in addition to the plates immediately adjacent to the reflector. Additionally, the degree to which plates
should be thinned cannot be predicted a priori without implementing representative fuel management
capable of analyzing the power distributions found in depleted cores.

Since this is a problem requiring optimization with multiple constraints, and results require complex fuel
management calculations, four combinations of meat reduction have been tested. In each case, the fuel
thickness of 3 or 4 plates on each side of the element is reduced. For reasons of economy of fabrication
it has been assumed as a constraint that there would be three distinct fuel foil thicknesses, and no more,
in each element design. The thickness of all the plates is however kept constant. In other words, if a
plate has a reduced meat thickness, the cladding thickness increases accordingly in order to end up with
the same plate thickness as the others. The selected combinations are presented in Table 9.

Low Enriched Uranium Core Design for the Massachusetts Institute of Technology
Reactor (MITR) with Un-finned 12 mil-thick Clad UMo Monolithic Fuel 36



ANL/GTRI/TM-13/15

Table 9. Selected Combination of Meat Thickness Reduction.

Combination _ Fractionr; of nominal meatrdthickness (%) -
1" plates 27 plates 3" plates 4" plates
A 45 60 60 100
B 55 70 70 100
C 50 50 70 70
D 60 60 80 80

In this section, the selected meat reduction combinations have been tested with an element containing
18 plates, 15 mil cladding, no fins, ECR of 88%, matching the reference LEU design in other respects, and
for a core flow of 2200 gpm.

The selected combinations decrease the edge power significantly as illustrated in Figure 19 to Figure 23.
Figure 19 shows the axial heat flux profile obtained in element C-15, plate 1, stripe 1 for the reference
configuration as well as for the four combinations tested. Maximum heat flux uncertainty is below 1%
within one standard deviation. It is clear that the magnitude of the maximum heat flux decreases
significantly with the meat thickness reduction (from 25 to 35%, depending on the combination
considered).

Figure 20 through Figure 23 show the heat flux profile by plate in element C-15, stripe 1, at the axial
node 12 for the reference configuration as well as for combinations A, B, C and D. This location has
been selected because it has been found to be limiting in previous analyses. The plots also show the
corresponding fuel thickness which is read on the right axis. These plots show clearly the power
decrease on the edges and the power migration to the interior plates. Combination A has reduced the
outer plate fuel thickness sufficiently to have the maximum power peak in the interior, full thickness,
plates. However, the limiting plates are still observed to be in the thinned outer plates for combinations
B, C, and D. The most appropriate level of thinning will need to be determined in concert with other
factors such as core lifetime and ONB power for depleted cores operated over many cycles with
representative fuel management.

The corresponding limiting ONB power obtained considering a flow rate of 2200 gpm and ECR of 88%
are given in Table 10, where uncertainty on cycle length is estimated at + 5 days. The four meat
thickness reduction combinations give margin to ONB higher than the required 20% which show the
effectiveness of the edge meat reduction on improving core safety margins.

The core lifetime is however expected to decrease due to the significant decrease in uranium mass with
the outer meat reduction. Core lifetime calculations for the 4 meat reduction combinations have been
carried out at 7 MW with 24 elements (same fuel location as described in section 4.2). Results are
presented in Figure 24. As expected the core lifetime drops substantially (from 25% to 40% depending
on the combination considered). The core lifetimes of these designs are considered too short to be
acceptable.
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Figure 19. Axial Heat Flux Profile in Element C15, Plate 1, Stripe 1 for 7 MW 18-plates
LEU Configuration with Nominal Meat Thickness as well as for the Different
Combinations of Meat Reduction.
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Figure 20. Heat Flux Profile through the Plate in Element 27, Stripe 1, Axial Node 12 for
Configuration with Constant Meat Thickness and Reduced Meat Thickness as in
Combination A.
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Figure 21. Heat Flux Profile through the Plate in Element 27, Stripe 1, Axial Node 12 for
Configuration with Constant Meat Thickness and Reduced Meat Thickness as in
Combination B.
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Figure 22. Heat Flux Profile through the Plate in Element 27, Stripe 1, Axial Node 12 for
Configuration with Constant Meat Thickness and Reduced Meat Thickness as in
Combination C.
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Figure 23. Heat Flux Profile through the Plate in Element 27, Stripe 1, Axial Node 12 for

Configuration with Constant Meat Thickness and Reduced Meat Thickness as in
Combination D.

Table 10. Limiting ONB Power for the Four Reduced Meat Combinations with a Flow

Rate of 2200 gpm.
Configuration Limiting ONB power (MW) Location
L'EU reference design except no 6.8 E27S1P1AX8SU1
fins, and ECR 88%

9.6 E13S4P15Ax9SU1

B 9.7 E27S1P1Ax8SU1
C 9.8 E14S4P14Ax9SU1

D 8.9 E27S1P1Ax8SU1
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Figure 24. K-effective vs. Irradiation Time through Depletion at 7 MW.

4.4 Increase in Cycle Length

In the previous section, different solutions have been explored to increase the margin to ONB of the LEU
design without fins. The most efficient solution consists in a reduction of the meat thickness in the outer
fuel plates of the element. While the distinct meat thicknesses provide acceptable margin to ONB, the
approach significantly penalizes the core lifetime. The following section describes the solutions that
have been considered to increase the core lifetime of the reduced thickness fuel meat designs.

4.4.1 Decrease in Cladding Thickness

Decreasing the cladding thickness will have the effect to increase the volume of water in the core which
may increase the reactivity, if the coolant to heavy metal ratio becomes more favorable, and increase
the cycle length. However there is a trade-off since, at a given flow rate, the coolant velocity would
decrease, leading to a decrease of ONB margin.

Four reduced meat thickness configurations have been tested with a nominal clad thickness reduced
from 15 mil to 12 mil. Core lifetime and limiting ONB power are compared to the 15 mil clad
configurations in Table 11, where acceptable configurations in terms of core lifetime and limiting ONB
power at 2200 gpm are highlighted in green. The favorable impact of the clad reduction on the core
lifetime is significant since it leads to a lifetime increase of 30% to more than 60%, depending on the
configuration considered. Two of the four configurations tested have core lifetime slightly exceeding
that of the reference configuration. The impact on the ONB margin is a decrease of 0.6% - 14 %
depending on the configuration. As a result the 18 plate LEU configurations without fins, an ECR of 88%,
a flow of 2200 gpm and a meat thickness reduction as described with combination B or D (the two
combinations with lower thinning fraction) gives acceptable performance and acceptable margin to
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ONB. Although the 15 mil cladding was shown to have unacceptably poor lifetime, the designs with 12
mil cladding can be further considered.

Table 11. Core lifetime and limiting ONB Power obtained with the four reduced meat
configurations considering a nominal clad thickness of 12 mil and a flow rate of 2200

gpm.
15 mil cladding Variation 12/15 mil cladding
Combination | Core lifetime | Limiting ONB | Core lifetime | Limiting ONB Core Limiting ONB
(days) power (MW) (days) power (MW) | lifetime (%) power (%)

A 230 9.6 300 8.29 +30.4% -13.6%

235 9.7 +40.4% -9.6%

195 9.8 +46.2% -10.5%

205 8.9 +61.0% +0.6%

4.4.2 Increase the Meat Thickness

The effect of a meat thickness increase has also been explored. Additional uranium mass could increase
the core lifetime but at the same time reduce the core coolant/meat ratio. Consequently the reactivity
of the core would decrease, which would reduce the core lifetime. But at a given coolant mass flow rate,
that would also increase the coolant velocity and increase the ONB margin.

In order to find an optimal solution design options are considered here with nominal meat thickness
increased from 20 to 30 mil in increments of 5 mil. The nominal cladding thickness is 12 mil. The results
are given in

Table 12 where acceptable configurations in terms of core lifetime and limiting ONB power at 2200 gpm
are highlighted in green. The meat thickness increase tends to increase the core lifetime by about 6% to
12% depending on the configuration considered. There is also no clear advantage to increase the fuel
thickness from 25 to 30 mil. However, the limiting ONB powers do not present a single pattern for all
combinations. Using the reduced meat combination A, the margin to ONB increases as meat thickness is
increased. For combination B and C, the margin to ONB increases slightly using a 25 mil thickness, and
decreases at 30 mil. Combination D shows that an increase in meat thickness would lead to a drop in
ONB margin. It is concluded that 8 of the 12 configurations have acceptable core lifetimes and margins
to ONB, before consideration of the effects of fuel management as described in Section 5.
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Table 12. Impact of the Meat Thickness Increase on the Core Lifetime and Limiting
ONB power for the four 18 Plates Meat Reduced Configuration Using a Nominal Clad
Thickness of 12 mil and a Flow Rate of 2200 gpm.

Core Variation from 20mil
L Nominal meat . Limiting ONB configuration
Combination . . lifetime
thickness (mil) power (MW) . Lo
(days) core lifetime limiting ONB
(%) power (%)
20 300 8.29 - -
A +10.0% +7.6%
+10.0% +15.1%
B +9.1% +4.0%
+9.1% -3.6%
C +12.3% +4.7%
+10.5% -1.5%
D +6.1% -6.9%
30 355 7.95 +7.6% -11.2%

4.5 Seeking the Best Combinations of Design Modifications

Whereas only fresh cores without fuel management have been analyzed for performance (or rundown
lifetime), the performance of the selected designs under representative depleted cores must also be
considered. Fresh cores have been used to select more promising core design options in the analyses
presented to this point. However, a final range of all-fresh core designs are presented in order to allow
a down-selection of designs which will undergo representative fuel management and performance
analysis. The intent is to show that at every relevant cycle, the core lifetime, neutron flux performance
and margin to ONB requirements are met. The evolution of these parameters during a shuffling scheme
is difficult to predict since the core loading will vary at each cycle, mixing elements with various
depletions with a few fresh elements. This is why an appropriate down-selection to the most promising
design requires fuel management analyses. In order to increase the likelihood of finding the best
combination of performance and design, the previous analyses regarding the calculation of core lifetime
and limiting ONB power have been expanded to configurations with 17 to 19 fuel plates and flow rates
in the range of 1800 gpm to 2200 gpm, by increments of 100 gpm.
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Table 13 through Table 17 present the results obtained with flow rates of 2200, 2100, 2000, 1900 and
1800 gpm, respectively. Acceptable configurations (having adequate core lifetimes and adequate
margins to ONB) are highlighted in green on these tables. At 2200 gpm, acceptable configurations are
obtained with 17, 18 and 19 plates. The fewer the number of plates, the higher is the core lifetime but
the lower is the margin to ONB. Element designs with 18 plates have the highest number of acceptable
configurations. They are the best compromise for core lifetime and ONB margin. However by decreasing
the mass flow rate, the margin to ONB drops substantially while, of course, the lifetime remains
unchanged. Thus at flow rates between 1900 and 2100 gpm, the best designs are seen to be elements
with 19 plates. At 1800 gpm (existing nominal mass flow rate used in the reactor), only one
configuration has both an acceptable core lifetime and acceptable ONB margin (prior to evaluation
under representative fuel management).

For the fuel shuffling and burnup calculations, eleven configurations were selected for performance and
safety, while also retaining a variety of number of plates and fuel thicknesses. For the selection, two
tiers have been defined. The first tier takes configurations that have at least 30% margin to ONB as well
as a rundown core lifetime of at least 310 days. The second tier takes from the remaining configurations
the ones that have at least 25% margin to ONB and rundown core lifetime of at least 330 days. A
summary of the characteristics of the selected design are given in Table 18. These configurations have
been analyzed under representative fuel management as described in Section 5 where fuel meat
thicknesses have modeled as an integer (in mils), and configuration specific uncertainties used in the
Stat7 analyses are described in Appendix A.
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Table 13. Core Lifetime and Limiting ONB Power for Reduced Meat Configurations at a

Flow Rate of 2200 gpm.
Power to match Required .
Meat Nominal meat HEU 6 MW Lsss limiting | . C°™® Limiting
Plate reduction . . lifetime | ONB power
Combination thickness (mil) performance power (days) (MW)
(MW) (MW) y
20 7.2 8.6 310 7.59
A 25 7.0 8.4 355 7.98
17 30 6.9 8.3 395 8.23
20 7.1 8.5 290 7.76
C 25 7.0 8.4 330 8.35
30 6.9 8.2 340 8.26
20 7.2 8.7 320 8.16
D 25 7.1 8.5 360 8.07
30 6.9 8.3 380 7.60
20 7.0 8.4 300 8.29
A
B
18
C
D
A
B
19
C
D
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Table 14. Core Lifetime and Limiting ONB Power for Reduced Meat Configurations at a

Flow Rate of 2100 gpm.
. Power to match Required .
Mea‘t Nom.mal meat HEU 6 MW Lsss limiting ‘Co‘re Limiting
Plate reduction thickness performance power lifetime | ONB power
Combination (mil) (MW) (MW) (days) (MwW)
20 7.2 8.6 310 7.29
A 25 7.0 8.4 355 7.67
20 7.3 8.7 335 7.68
B 25 7.1 8.5 380 8.22
17 30 6.9 8.3 395 7.92
20 7.1 8.5 290 7.48
C 25 7.0 8.4 330 8.02
30 6.9 8.2 340 7.95
20 7.2 8.7 320 7.87
D 25 7.1 8.5 360 7.76
30 6.9 8.3 380 7.31
20 7.0 8.4 300 7.97
A
B
18
C
D
A
B
19
C
D

30 6.8 8.1 320 7.87
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Table 15. Core Lifetime and Limiting ONB Power for Reduced Meat Configurations at a

Flow Rate of 2000 gpm.
. Power to match Required R
Plate rex::iton Not?il:lfrll;:: " HEfU 6 MW LSSSc:imiting Iifce(t):r:e Oll;ll:::\ifer

Combination (mil) per (ol\;nv:l:;mce ?&Vx; (days) (MW)

20 7.2 8.6 310 7.00

A 25 7.0 8.4 355 7.35

30 6.9 8.3 360 8.07

20 7.3 8.7 335 7.36

B 25 7.1 8.5 380 7.88

17 30 6.9 8.3 395 7.60
20 7.1 8.5 290 7.15

C 25 7.0 8.4 330 7.69

30 6.9 8.2 340 7.62

20 7.2 8.7 320 7.54

D 25 7.1 8.5 360 7.44

30 6.9 8.3 380 7.00

20 7.0 8.4 300 7.63

A 25 6.9 8.3 330 8.20

18

19

20
25
30

25

30

6.9
6.8
6.8

6.8
6.8

8.3
8.2
8.1

8.2
8.1

280
305
285

330
320

8.73
8.85
8.38

7.95
7.54
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Table 16. Core Lifetime and Limiting ONB Power for Reduced Meat Configurations at a

Flow Rate of 1900 gpm.
. Power to match Required .
Plate remi:iton Not:‘il:lfrli;:se " HEfU 6 MW LSSSc:imiting Iifce(t):r:e Oll;ll:::\‘n?er
Combination (mil) per (ol\;nv:l:;mce TI?/I“\;:; (days) (MW)
20 7.2 8.6 310 6.70
A 25 7.0 8.4 355 7.03
30 6.9 8.3 360 7.72
20 7.3 8.7 335 7.05
B 25 7.1 8.5 380 7.53
17 30 6.9 8.3 395 7.27
20 7.1 8.5 290 6.84
C 25 7.0 8.4 330 7.35
30 6.9 8.2 340 7.29
20 7.2 8.7 320 7.20
D 25 7.1 8.5 360 7.13
30 6.9 8.3 380 6.71
20 7.0 8.4 300 7.30
A 25 6.9 8.3 330 7.85
| s | es | s2 | 30 | 840 |

20 7.1 8.5 330 7.73
B 25 6.9 83 360 8.03
18 30 6.8 8.2 360 7.44
20 7.0 8.4 285 7.72
C 25 6.9 83 320 8.10
30 6.8 8.2 315 7.61
20 7.1 8.5 330 7.91
D 25 6.9 8.3 350 7.35
30 6.8 8.2 355 7.00
20 6.9 8.3 290 8.19

A
B 25 6.8 8.2 345 8.18
19 30 6.8 8.1 325 7.77
20 6.9 8.3 280 8.33
C 25 6.8 8.2 305 8.48
30 6.8 8.1 285 8.02
20 6.9 83 315 8.22
D 25 6.8 8.2 330 7.60
30 6.8 8.1 320 7.22
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Table 17. Core Lifetime and Limiting ONB Power for Reduced Meat Configurations at a

Flow Rate of 1800 gpm.
. Power to match Required .
Plate re::z:iton NotrI:il:karlu:Z: " HEfU 6 MW LSSSc:imiting Iif(:t)ir:ie O“::;r\fer

Combination (mil) per(oMrr:V:;\nce F(’I(\)/va; (days) (MW)
20 7.2 8.6 310 6.35
A 25 7.0 8.4 355 6.66
30 6.9 8.3 360 7.31
20 7.3 8.7 335 6.68
B 25 7.1 8.5 380 7.13
17 30 6.9 8.3 395 6.90
20 7.1 8.5 290 6.48
C 25 7.0 8.4 330 6.96
30 6.9 8.2 340 6.91
20 7.2 8.7 320 6.82
D 25 7.1 8.5 360 6.77
30 6.9 8.3 380 6.36
20 7.0 8.4 300 6.92
A 25 6.9 8.3 330 7.43
30 6.8 8.2 330 7.96
20 7.1 8.5 330 7.32
B 25 6.9 8.3 360 7.62
18 30 6.8 8.2 360 7.04
20 7.0 8.4 285 7.31
C 25 6.9 8.3 320 7.67
30 6.8 8.2 315 7.21
20 7.1 8.5 330 7.49
D 25 6.9 8.3 350 6.96
30 6.8 8.2 355 6.63
20 6.9 8.3 290 7.75

Aol s | es | 82 | 310 | 830 |
30 6.8 8.1 300 8.36
20 6.9 8.3 325 8.11
B 25 6.8 8.2 345 7.73
19 30 6.8 8.1 325 7.35
20 6.9 8.3 280 7.89
C 25 6.8 8.2 305 8.04
30 6.8 8.1 285 7.59
20 6.9 8.3 315 7.78
D 25 6.8 8.2 330 7.20
30 6.8 8.1 320 6.83
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Table 18. Characteristics of the Eleven LEU Element Design Configurations Selected for Fuel Management Calculations.

Limiti
. 1% 2™ 3" a* B3y Power to Required imiting . Core -
Nominal ONB Margin e es Minimum
Plate plate plate plate | plate mass match HEU LSSS lifetime

Element # of fuel meat . . power | to ONB shutdown

. . thickness on on on on per BOC 6 MW limiting 24 fresh .
Design plates | thickness . at 2200 | at 2200 margins
(mil) (mil) both both both both | element | performance power m m (%) elements (%)
ends ends ends | ends (g) (MW) (MW) gp &p ? (days) ?
(Mw)

19A25 19 25 49 11 15 15 25 940 6.8 8.2 9.98 46% 330 3.7
19B20 19 20 44 11 14 14 20 781 6.9 8.3 9.76 41% 325 2.5
18A30 18 30 54 13 18 18 30 1,058 6.8 8.2 9.54 40% 330 4.0
19B25 19 25 49 13 17 17 25 968 6.8 8.2 9.28 36% 345 3.4
19D20 19 20 44 12 12 16 16 767 6.9 8.3 9.32 34% 315 2.4
18C25 18 25 49 12 12 17 17 845 6.9 8.3 9.18 33% 320 3.0
18B25 18 25 49 13 17 17 25 910 6.9 8.3 9.12 32% 360 2.4
19B30 19 30 54 16 21 21 30 1,169 6.8 8.2 8.84 31% 325 4.6
18A25 18 25 49 11 15 15 25 882 6.9 8.3 8.92 29% 330 2.7
18D20 18 20 44 12 12 16 16 721 7.1 8.5 8.95 27% 330 1.7
17A30 17 30 54 13 18 18 30 988 6.9 8.3 8.78 27% 360 3.0
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5 ELEMENT DESIGN RESULTS WITH FUEL MANAGEMENT

For the eleven configurations selected in the previous section, LEU depleted cores were generated using
fuel management representative of MITR. As discussed in Section 3.2, burnup modeling using the
ORIGEN2-MCNP coupling code MCODE has been used to compare parameters of recent core
configurations using the actual operating history and refueling movements of twelve HEU MITR core
configurations in the period 2007-2009 in order to benchmark and validate the model [3,6].

Due to the number of cores between 1976 and the present, elements entering the fuel cycle were
generated by depleting a fresh core to 3 effective full power years, and inserting elements with
matching element average burnup into the historical twelve core sequence. MITR HEU cores on average
operated with control blades considerably (70%) withdrawn. For this reason, and since elements may
be flipped, the initialization depletion, without fuel movements, was modeled without control blades
inserted. This however only approximates the element burnup shape entering the twelve core loadings
modeled until the elements are depleted in the specific locations used during fuel management.

For depletion, each fuel element was discretized into independent depleting regions as listed in Table
19, where power distribution regions were further subdivided into locations as small as 4 cm2, as shown
in an example with 18 plates. Regions were equally distributed (such as the plate division into 4 lateral
stripes, each 56.8 cm axially and 1.3 cm laterally). Each of the 24 elements in the depleted cores
modeled individual plates discretely in the geometry without homogenization.

Table 19. Discretization of the LEU depletion zones and power regions to used
generate representative depleted cores.

Regions Geometry Depletion Power Shape
- Each plate Each plate Each plate
Plate D
ate bivision discrete individual individual
Fuel Axial Division | Continuous 6 18
Fue'I I..a'teral Continuous 1 4
Division
Per LEU Core - 864 31104

LEU depleted cores analogous to HEU historical cores 179-190 were generated in this same manner for
each of the 11 designs considered with fuel management. Also generated were depleted cores with the
reference LEU design for comparison, and as a verification of consistency with prior calculations.
Depleted elements for the 11 designs were generated so that the **U mass burnup matched the
reference LEU design element burnup at the introduction into the fuel management cycle.
Determination of the exact fuel cycle utilization is beyond the scope of this work; however, so long as
the control blades are stable the fuel cycle should perform at least as well as the reference LEU design.
Fuel management was performed according to the records presented in Table 20 consistent with the
work performed previously [6]. The operational history was modeled from the 179 BOC, and all fuel
operations were enabled including flipping of fuel (rotating end-to-end in place) and rotating in place by
180°. There are a total of 57 fuel elements. Some of them are fresh and the others are partially
depleted, coming from storage.
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Table 20. Fuel Management of New and Depleted Elements.

Core 178 179 180 181 182 183 184 185 186 187 188 185 130
Location | 5/4/07 7/17/07 10/13/07 1/5/08 3/8/08 5/23/08 B/4/08 7/25/08 5/23,/08 12/17/08 2/7/08 3/13/09  5/28/09

Al Neon-fuel solid dummy element with cooling hole

A2 MIT-323 MIT-339f MIT-345

A3 Nen-fuel selid dummy element with cocling hale
Bl MIT-335 | MIT-344 new | | MIT-354 new|
B2 MIT-338 MIT-331 | MIT-351 new|
B3 Non-fuel solid dummy element with cooling hole
B4 MIT-336 | MIT-341 new | | iT-347 new| | miT-355 new|
BS MIT-339 | MIT-345 new | | miT-352 new|
BE MIT-331 | MIT-342 new| | MIT-348 new |
B7 MIT-337 | MIT-348 new | | miT-358 new |
B& MIT-340 MT-336f | miT-353 new|
B9 MIT-334 | MIT-343 new | | iT-349 new|

c1 MIT-302 MIT-325({C14)f MIT-325r  MIT-299{C15) MIT-299r
c2 MIT-303  MIT-303r  MIT-288(C2) MIT-282fr | MIT-282r MIT-326F

c3 MIT-300 | MIT-300r  MIT-319(A2) MIT-301f MIT-290{C8)

c4 MIT-305 MIT-332(B2) | MIT-303fr MIT-303r MIT-340f

cs5 MIT-282  MIT-281(C2) MIT-304{CE)f  MIT-304r MIT-307(C14) MIT-341f
C6 MIT-279 MIT-330{B4) | MIT-295(C11) MIT-306f MIT-306r  MIT-297(C7) | MIT-342f
c7 MIT-324 MIT-305 MIT-305r  MIT-334f

c8 MIT-306 MIT-306r MIT-295f MIT-323

cs MIT-318 MIT-326(B5) MIT-288fr  MT-288r  MIT-324f MIT-324r

C10 MIT-322 MIT-292{C1)f MIT-292r MIT-294{C10) MIT-330fr

ci1 MIT-301 MIT-333(B6)f MIT-333r
c12 MIT-285 MIT-300 MIT-293{C9)f MIT-332f MIT-332r

c13 MIT-327 MIT-317(42)  MIT-317f

c14 MIT-328 MIT-328r MIT-328r MIT-338F

C15 MIT-329 MIT-337 MIT-335

#of fuel |22 to begin
Moves model 4 4 5 g8 5 3 ] 4 & 4 7 2

Notes: “f” indicated element is flipped before insertion
“r” indicated element is rotated before insertion
“()” indicates core location element occupied prior to storage
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5.1 Critical Control Blade Position of Depleted Cores

Among the 36 designs presented in Section 4.5, a 0.5 MW range of power for performance equivalent to
HEU was predicted based upon all-fresh core neutron flux levels. However, for the 11 design
configurations selected as most promising for fuel management, the power for performance equivalent
to HEU was 6.8-7.1 MW, depending on the design. Results presented later in Section 5.4 discuss
performance with fuel management and confirm that the selected 7 MW depletion power level is
adequate. Note that for fresh cores without fuel management, depletion calculations were performed at
the specific power required to achieve beginning of life equivalent neutron flux performance, as
described in Section 4.5.

Currently MITR operates with quarterly refueling each year and so the goal was to maintain that
capability. The MCODE depletion was performed with MCNP5 generated flux and reaction rates at BOC,
1, 3, 10, 40, and 47 days during each cycle. An exception was LEU core 182 which was ended at 35 days.
As discussed in Reference [6], this is consistent with HEU core 182, which had limited excess reactivity,
and preceded core 183 which had a significantly shorter operating time than the other HEU cores. So
long as cores maintain sufficient reactivity with this fuel cycle, quarterly refueling will remain achievable
with the new element designs.

For the reference LEU design, and 9 of the 11 element designs, the reactivity of the cores throughout
the cycle was sufficient so that the control blades remained lower than the fully withdrawn position of
21 inch (53.34 cm). Designs 18C25 and 19B20 however were significantly less than critical during the
course of the depletion even with a fully withdrawn control blade position and so failed to complete the
fuel management sequence. These two configurations had insufficient reactivity to maintain a fuel cycle
equivalent or better than the reference LEU design, and so are not considered in the remainder of this
report. The critical blade height during the progression of fuel management in cores 179-190 is depicted
in Figure 25 for the reference LEU design and the nine remaining element designs with 12 mil cladding.
Effective Full Power Days (EFPD) is based on a 7 MW operating power.

Design 19D20 was also slightly less than critical during the course of the depletion cycle 188. Since a
reduction of only 4 days of its cycle length was enough to allow this configuration to complete the
sequence, this design has not been discarded. Control blade heights can also be compared with the
reference LEU design results in Appendix C. Most of the configurations generated comparable results
with the reference LEU design.

In Figure 25 LEU blade heights are seen to transition during the first cores as both burnup shape and
reactivity impacts of the 47 day LEU cycle are established in the modeling. As a consequence, power
distributions and neutron flux from the second half of the LEU cores series (core 185-190) are used as
representative of LEU fuel management. Since MIT analyzes the adequacy of thermal hydraulic margins
prior to each core loading, the loading and analysis of each core remains flexible to meet MITR
experimental missions.

Since optimizing the cycle length by design was not performed, Table 21 instead lists the average change
in blade height from the prior core at both BOC and EOC for cores 185-190. Each design, other than
18C25 and 19B20, remained negative as was the reference LEU data [6]. The negative values indicate
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additional reactivity available. Thus from the 11 configurations, only nine will continue to be considered
to provide sufficient fuel cycle performance.
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Figure 25. Critical Control Blade Position Throughout LEU Cores 179-190 for Alternate
Element Designs.

5.2 ONB Margin Evaluation of Depleted Cores

The ONB margins of the nine remaining configurations and the reference design with and without fins
have been calculated by Stat7. ONB power has been calculated in each channel of each element for each
configuration from cycle 185 to 190 considering 3 core states per cycle: beginning of cycle (BOC), day 3
xenon equilibrium (Xenon eq.), and end of cycle (EOC). The volumetric flow rate was fixed at 2200 gpm.
The purpose of these analyses is to discard the configurations that do not provide sufficient ONB
margins through the fuel management sequence. Among the six cycles considered, the minimum ONB
power is always found to occur in core 189 which is the freshest core.

From these calculations, 3 configurations were found inadequate: 17A30, 18A25 and 18D20 did not
present sufficient margin to ONB for some of the time steps analyzed (limiting ONB power > 8.4MW).
Limiting ONB powers for each core state and corresponding location obtained for these 3 configurations
are presented in Table 21. The minimum ONB power occurs at cycle 189 BOC in element 10 which is a
fresh element in the first channel adjacent to plates with full-thickness fuel.
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Table 21. Alternate Element Designs without Adequate Margin to ONB.

17A30 18A25 18D20
Cycle Core state ONB power (MW) & location | ONB power (MW) & location | ONB power (MW) & location
BOC 8.35 E10-51-P4-Ax11-Surf2 8.71 E10-51-P4-Ax11-Surf2 8.59 E10-51-P5-Ax11-Surf2
185 Xenon Eq. 8.60 E10-51-P4-Ax11-Surf2 9.03 E7-51-P4-Ax11-Surf2 8.80 E10-51-P5-Ax11-Surf2
EOC 8.76 E10-51-P4-Ax12-Surf2 9.14 E10-51-P4-Ax12-Surf2 9.04 E10-S1-P5-Ax13-Surf2
BOC 8.74 E10-51-P4-Ax11-Surf2 9.00 E10-51-P4-Ax11-Surf2 8.84 E10-51-P5-Ax11-Surf2
186 Xenon Eq. 8.87 E10-51-P4-Ax11-Surf2 9.15 E10-51-P4-Ax12-Surf2 9.20 E10-51-P5-Ax12-Surf2
EOC 8.89 E10-51-P4-Ax12-Surf2 9.34 E7-51-P4-Ax11-Surf2 9.36 E10-S1-P5-Ax12-Surf2
BOC 8.67 E10-51-P4-Ax12-Surf2 8.82 E10-51-P4-Ax11-Surf2 8.85 E10-51-P5-Ax11-Surf2
187 Xenon Eq. 8.69 E10-51-P4-Ax11-Surf2 9.17 E10-51-P4-Ax12-Surf2 8.93 £24-51-P18-Ax9-Surf2
EOC 8.83 E10-51-P4-Ax12-Surf2 9.31 E10-51-P4-Ax11-Surf2 9.21 E24-51-P18-Ax10-Surf2
BOC 8.80 E10-51-P4-Ax11-Surf2 9.00 E10-51-P4-Ax11-Surf2 9.08 E10-51-P5-Ax11-Surf2
188 Xenon Eq. 8.76 E10-51-P4-Ax11-Surf2 9.38 E10-51-P4-Ax13-Surf2 9.33 £10-S1-P5-Ax11-Surf2
EOC 9.00 E10-51-P4-Ax13-Surf2 9.50 E10-51-P4-Ax11-Surf2 9.60 E10-51-P5-Ax11-Surf2
BOC 8.00 E10-51-P4-Ax11-Surf2 8.31 E10-51-P4-Ax12-Surf2 8.14 E10-51-P5-Ax11-Surf2
189 Xenon Eq. 8.19 E10-51-P4-Ax11-Surf2 8.62 E10-51-P4-Ax12-Surf2 8.48 £10-S1-P5-Ax11-Surf2
EOC 8.27 E10-51-P4-Ax11-Surf2 8.70 E10-51-P4-Ax11-Surf2 8.67 E10-51-P5-Ax11-Surf2
BOC 8.23 E10-51-P4-Ax12-Surf2 8.56 E10-51-P4-Ax11-Surf2 8.41 E10-51-P5-Ax11-Surf2
190 Xenon Eq. 8.46 E10-51-P4-Ax11-Surf2 8.82 E10-51-P4-Ax12-Surf2 8.73 £10-S1-P5-Ax11-Surf2
EOC 8.49 E10-51-P4-Ax12-Surf2 8.94 E10-51-P4-Ax12-Surf2 8.84 E10-51-P5-Ax11-Surf2
min. ONB power (MW) 8.00 8.31 8.14
margin to ONB (%) 14.3% 18.7% 16.3%

The results obtained for the reference design with and without fins are presented in Table 22. The
reference design with fins presented enough ONB margins through the entire fuel management
sequence with a minimum found at cycle 189 EOC. The limiting element is element 27 (adjacent to the
reflector). This is expected since the meat thickness is constant and the power tends to peak on the
edge of the element. The effect is amplified by the proximity of the reflector. As explained in section
4.2.1, the importance of the fins is significant on the ONB margins. The limiting ONB power obtained for
the reference design without fins is about the half of the case with fins.

The six remaining candidate designs present sufficient ONB margin through the entire fuel management
sequence. The limiting ONB power through the entire fuel sequence found for these configurations
varying from 8.59MW (18B25) to 9.67MW (19B25). Limiting power at each core state and corresponding
location for each configuration is shown from Table 23 to Table 28. Progression of the core minimum
ONB power for the six remaining candidate configurations is shown in Figure 26. Though magnitudes
differ, the shape for each configuration is relatively similar. For these six designs, the variation between
configurations at each core state remain in an about 1 MW band. For the vast majority of the core states
analyzed, the top of the band (best ONB margins) correspond to configuration 19B25 whereas the
bottom of the band (less ONB margins) corresponds to configuration 18B25. Except for configuration
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19B30, the limiting ONB power through the fuel management sequence is found in core 189 BOC,
element 10, in the channel adjacent to the first not-reduced meat. Recall that element 10 in core 189 is
a fresh element in the freshest core. 19B30 is also limited in core 189 but in element 27 in an end
channel adjacent to the reflector. These results highlight how sensitive the efficiency of the meat
thickness variation is to the relocation of the power peaking and consequently on the location of the
limiting ONB power.

The impact of the channel gap closure due to irradiation-induced plate swelling has also been studied
using the procedure described in Section 3.2.3. The new core limiting ONB power and corresponding
location is also presented in Table 23 to Table 28. In these tables, the change of the minimum ONB
power through the fuel management sequence due to the plate swelling is also indicated. As one can
see, for each configuration, the ONB margins tend to increase slightly (about 2%) when channel gap
closure treatment is included. This result can be explained by the fact that for a given flow rate, the
channel gap reduction in the core leads to a slight increase in coolant velocity which allow a better plate
cooling and consequently better ONB margins. It is also observed that the location of the minimum ONB
power generally remains in the same location, which except for design 19B30 is limited in a fresh
element at BOC despite the reduction in channels of depleted elements. This section addresses the
thermal hydraulic effects of axially-averaged swelling impacting thermal hydraulics. More details of
plate swelling on a local basis relevant to fuel performance are provided in section 5.5. Oxide formed at
the cladding-coolant interface also reduces the thermal hydraulic channel; however, the impact is
similarly expected to be beneficial to ONB power in cases where a fresh element is limiting, and of
minimal impact otherwise due to the increase in velocity associated with net core flow area reduction.

The impact of the nominal volumetric flow rate has also been studied. The flow rate has been varied
from 1800 to 2200 gpm for each core limiting position of each configuration. Results are shown in Figure
27. As one can see, in the flow range considered the ONB power decreases linearly with the flow
decrease. From this plot one can deduce what minimum flow is required to remain above the LSSS
power requirement. The minimum required flow for each design is provided in Table 29. Large
differences exist between designs where the minimum flow varies from 1900 gpm (19B25) to 2150 gpm
(18B25), but each of them require a flow rate that is above the current HEU LSSS flow rate by 5-20%.
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Table 22. Reference LEU Design Thermal Hydraulic Margin with and without Fins and Fuel Swelling.

with fins no fins no fins with swelling
Cycle Core state ONB power (MW) & location | ONB power (MW) & location | ONB power (MW) & location
BOC 10.04 E12-54-P18-AX18- 6.55 E27-51-P1-Ax8-Surfl 7.52 E27-51-P1-Ax8-sul
185 Xenon Eq. 9.66 | E27-s1-prAxizsufy | 618 £27-51-P1-Ax10-Surfl 6.96 E27-51-P1-Ax12-sul
EOC 9.53 E27-S1-P1-Ax13-SurfL 6.27 E27-51-P1-Ax13-Surfl 6.92 E27-51-P1-Ax13-sul
BOC 10.48 E12-54-P18-AX18- 6.65 E14-51-P18-AX7-Surf2 7.68 E27-51-P1-Ax8-sul
186 Xenon Eq. 9.80 | e27s1praxizsufy | 041 B27-51-P1-Ax11-Surfl 7.10 E27-51-P1-Ax13-sul
EOC 9.95 E27-S1-P1-Ax13-SurfL 6.52 E27-51-P1-Ax13-Surfl 7.14 E27-51-P1-Ax13-sul
BOC 10.36 E12-54-P18-AX18- 6.31 E25-54-P1-Ax8-Surfl 7.33 E25-54-P1-Ax8-sul
187 Xenon Eq. 9.61 | E2s-sa-praxizsufy | 296 B25-54-P1-Ax10-Surfl 6.83 E25-54-P1-Ax10-sul
EOC 9.61 E25.54-P1-Ax13-SurfL 6.15 E25-54-P1-Ax10-Surfl 6.95 E25-54-P1-Ax12-sul
BOC 10.71 E12-54-P18-AX18- 6.34 E24-51-P18-AX8-Surf2 7.42 E24-51-P18-AX8-su2
188 Xenon Eq. 9.79 £24-51-P18-AX13- 6.30 E24-51-P18-Ax10-Surf2 7.16 E25-54-P18-Ax11-su2
EOC 10.00 £24-51-P18-AX13- 6.51 E24-51-P18-Ax12-Surf2 7.28 E25-54-P18-Ax13-su2
BOC 10.50 E2-51-P1-AX18-SurfL 6.32 E27-51-P1-Ax8-Surfl 7.34 E27-51-P1-Ax8-sul
189 Xenon Eq. 9.36 | e27s1praxitsufy | 289 £27-51-P1-Ax10-Surfl 6.73 E27-51-P1-Axl1-sul
EOC 9.17 E27-S1-P1-Ax13-SurfL 5.91 E27-51-P1-AX10-Surfl 6.71 E27-51-P1-Ax11-sul
BOC 10.70 E2-51-P1-AX18-SurfL 6.40 E27-51-P1-Ax8-Surfl 7.41 E27-51-P1-Ax8-sul
190 Xenon Eq. 9.42 | e27s1praxzsufy | 6:05 B27-51-P1-Ax11-Surfl 6.83 E27-51-P1-Axl1-sul
EOC 9.52 E27-S1-P1-Ax13-SurfL 6.15 E27-51-P1-Ax11-Surfl 6.91 E27-51-P1-Ax12-sul
min. ONB power (MW) 9.17 5.89 6.71
margin to ONB (%) 30.9% -15.8% -4.1%
variation due to swelling (%) 13.9%
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Table 23. Design 18A30 Thermal Hydraulic Margin with and without Fuel Swelling.

no swelling with swelling
Cycle Core state ONB power (MW) & location | ONB power (MW) & location
BOC 9.54 E10-S1-P4-Ax11-5u2 9.70 E10-51-P4-Ax11-su2
185 Xenon Eq. 9.66 E25-54-P4-Ax10-5u2 9.76 £25-54-P4-Ax10-5u2
EOC 9.66 E25-54-P4-Ax10-su2 9.77 E25-54-P4-Ax10-su2
BOC 9.69 E10-51-P4-Ax11-su2 9.82 E10-S1-P4-Ax11-su2
186 Xenon Eq. 9.90 E2-54-P4-Ax18-su2 9.93 £2-54-P4-AX18-su2
EOC 9.82 E2-54-P4-Ax18-su2 9.86 E2-54-P4-Ax18-su2
BOC 9.66 E10-51-P4-Ax11-su2 9.76 £10-51-P4-Ax11-su2
187 Xenon Eq. 9.62 E25-54-P4-Ax9-su2 9.70 £25-54-P4-Ax11-5u2
EOC 9.54 E25-54-P4-Ax10-5u2 9.62 £25-54-P4-Ax10-su2
BOC 9.70 £25-54-P15-Ax8-sul 9.78 £25-54-P15-Ax8-sul
188 Xenon Eq. 9.72 E25-54-P15-Ax9-sul 9.79 £25-54-P15-Ax9-sul
EOC 9.70 £25-54-P15-Ax11-sul 9.78 E25-54-P15-Ax11-sul
BOC 9.01 E10-S1-P4-Ax11-5u2 9.20 E10-51-P4-Ax11-su2
189 Xenon Eq. 9.28 E10-S1-P4-Ax11-su2 9.46 E10-51-P4-Ax11-su2
EOC 9.38 £22-54-P4-Ax10-su2 9.53 £22-54-P4-Ax10-su2
BOC 9.29 E10-51-P4-Ax12-5u2 9.47 E10-51-P4-Ax12-su2
190 Xenon Eq. 9.41 E22-54-P4-Ax10-su2 9.54 £22-54-P4-Ax10-su2
EOC 9.50 £22-54-P4-Ax11-su2 9.66 E22-54-P4-Ax11-su2
min. ONB power (MW) 9.01 9.20
margin to ONB (%) 28.7% 31.4%
variation due to swelling (%) 2.1%
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Table 24. Design 18B25 Thermal Hydraulic Margin with and without Fuel Swelling.

no swelling with swelling
Cycle Core state ONB power (MW) & location | ONB power (MW) & location

BOC 9.08 E10-S1-P4-Ax11-su2 9.24 E10-S1-P4-Ax11-su2

185 Xenon Eq. 9.27 E10-S1-P4-Ax11-su2 9.42 E10-S1-P4-Ax11-su2

EOC 9.60 E10-51-P4-Ax12-su2 9.76 E10-51-P4-Ax12-su2

BOC 9.32 E10-51-P4-Ax11-5u2 9.45 E10-51-P4-Ax11-5u2

186 Xenon Eq. 9.68 E10-51-P4-Ax11-su2 9.81 E10-51-P4-Ax11-su2

EOC 9.68 E10-S1-P4-Ax12-5u2 9.83 E10-S1-P4-Ax12-5u2

BOC 9.37 E10-51-P4-Ax11-su2 9.45 E10-51-P4-Ax11-su2

187 Xenon Eq. 9.55 E10-51-P4-Ax12-su2 9.64 E10-51-P4-Ax12-su2

EOC 9.69 E10-51-P4-Ax11-su2 9.80 E10-51-P4-Ax11-su2

BOC 9.46 £10-S1-P4-Ax11-su2 9.54 £10-S1-P4-Ax11-su2

188 Xenon Eq. 9.68 E10-51-P4-Ax12-su2 9.78 E10-51-P4-Ax12-5u2

EOC 9.77 E10-51-P4-Ax12-su2 9.88 E10-51-P4-Ax12-su2

BOC 8.59 E10-S1-P4-Ax11-su2 8.75 E10-S1-P4-Ax11-su2

189 Xenon Eq. 8.94 E10-S1-P4-Ax11-su2 9.12 E10-S1-P4-Ax11-su2

EOC 9.05 E10-51-P4-Ax11-su2 9.23 E10-51-P4-Ax11-su2

BOC 8.93 E10-51-P4-Ax11-5u2 9.08 E10-51-P4-Ax11-5u2

190 Xenon Eq. 9.06 E10-51-P4-Ax12-su2 9.23 E10-51-P4-Ax12-su2

EOC 9.36 E10-S1-P4-Ax11-su2 9.54 E10-S1-P4-Ax11-su2
min. ONB power (MW) 8.59 8.75
margin to ONB (%) 22.7% 25.0%
variation due to swelling (%) 1.9%
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Table 25. Design 19A25 Thermal Hydraulic Margin with and without Fuel Swelling.

no swelling with swelling
Cycle Core state ONB power (MW) & location | ONB power (MW) & location
BOC 9.76 E7-S1-P4-Ax11-su2 9.93 E10-S1-P4-Ax11-5u2
185 Xenon Eq. 10.03 E10-51-P4-Ax12-su2 10.20 E10-51-P4-Ax12-su2
EOC 9.91 E2-54-P4-Ax18-su2 10.00 E2-54-P4-Ax18-su2
BOC 9.98 E10-51-P4-Ax11-su2 10.10 E10-51-P4-Ax11-su2
186 Xenon Eq. 10.15 E2-54-P4-Ax18-su2 10.22 £2-54-P4-AX18-su2
EOC 10.00 E2-54-P4-Ax18-su2 10.06 E2-54-P4-Ax18-su2
BOC 9.85 E10-S1-P4-Ax11-su2 9.93 E10-S1-P4-Ax11-su2
187 Xenon Eq. 10.07 E25-54-P4-Ax10-5u2 10.14 £25-54-P4-Ax10-5u2
EOC 10.10 E25-54-P4-Ax11-5u2 10.17 E25-54-P4-Ax11-5u2
BOC 10.08 E10-S1-P4-Ax11-su2 10.14 E10-S1-P4-Ax11-su2
188 Xenon Eq. 10.26 £25-54-P16-Ax10-sul 10.34 £25-54-P16-Ax10-5ul
EOC 10.11 E2-54-P4-Ax18-su2 10.11 E2-54-P4-Ax18-su2
BOC 9.09 E10-S1-P4-Ax11-5u2 9.26 E10-S1-P4-Ax11-5u2
189 Xenon Eq. 9.44 E10-S1-P4-Ax12-su2 9.63 E10-S1-P4-Ax12-su2
EOC 9.72 £22-54-P4-Ax10-su2 9.88 £22-54-P4-Ax10-5u2
BOC 9.51 E10-51-P4-Ax11-5u2 9.70 E10-51-P4-Ax11-5u2
190 Xenon Eq. 9.63 E10-51-P4-Ax11-su2 9.81 E10-51-P4-Ax11-su2
EOC 9.77 E2-54-P16-Ax18-sul 9.83 E2-54-P16-Ax18-sul
min. ONB power (MW) 9.09 9.26
margin to ONB (%) 29.8% 32.3%
variation due to swelling (%) 1.9%
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Table 26. Design 19B25 Thermal Hydraulic Margin with and without Fuel Swelling.

no swelling with swelling
Cycle Core state ONB power (MW) & location | ONB power (MW) & location
BOC 10.08 £10-51-P4-Ax11-su2 10.25 E10-S1-P4-Ax11-5u2
185 Xenon Eq. 10.35 £23-51-P19-Ax10-5u2 10.50 £23-51-P19-Ax10-5u2
EOC 10.37 E2-54-P4-Ax18-su2 10.49 E2-54-P4-Ax18-su2
BOC 10.48 E10-51-P4-Ax12-su2 10.61 E10-51-P4-Ax12-su2
186 Xenon Eq. 10.68 E7-51-P4-Ax11-su2 10.74 £2-54-P4-AX18-su2
EOC 10.34 E2-54-P4-Ax18-su2 1041 E2-54-P4-Ax18-su2
BOC 10.36 E10-S1-P4-Ax11-su2 10.45 E10-S1-P4-Ax11-su2
187 Xenon Eq. 10.46 E25-54-P4-Ax10-5u2 10.55 £25-54-P4-Ax10-5u2
EOC 10.56 E25-54-P4-Ax11-5u2 10.65 E25-54-P4-Ax11-5u2
BOC 10.55 E10-S1-P4-Ax11-su2 10.61 E10-S1-P4-Ax11-su2
188 Xenon Eq. 10.48 £25-54-P16-Ax10-sul 10.58 £25-54-P16-Ax10-5ul
EOC 10.71 E2-54-P4-Ax18-su2 10.67 E2-54-P4-Ax18-su2
BOC 9.67 E10-S1-P4-Ax11-5u2 9.88 E10-S1-P4-Ax11-5u2
189 Xenon Eq. 9.94 E27-51-P1-Ax9-sul 10.08 E27-51-P1-Ax9-sul
EOC 9.96 E10-51-P4-Ax12-su2 10.18 E10-S1-P4-Ax12-5u2
BOC 9.96 E10-51-P4-Ax11-5u2 10.17 E10-51-P4-Ax11-5u2
190 Xenon Eq. 10.17 E10-51-P4-Ax11-su2 10.34 £22-54-P4-Ax10-su2
EOC 10.11 £22-54-P4-Ax11-su2 10.27 E22-54-P4-Ax11-su2
min. ONB power (MW) 9.67 9.88
margin to ONB (%) 38.2% 41.2%
variation due to swelling (%) 2.2%
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Table 27. Design 19B30 Thermal Hydraulic Margin with and without Fuel Swelling.

no swelling with swelling
Cycle Core state ONB power (MW) & location | ONB power (MW) & location
BOC 10.10 E23-51-P19-Ax9-5u2 10.22 E23-51-P19-Ax9-5u2
185 Xenon Eq. 9.80 £23-51-P19-Ax10-5u2 9.93 £23-51-P19-Ax10-5u2
EOC 9.98 £23-51-P19-Ax11-su2 10.08 £23-51-P19-Ax11-sul
BOC 10.42 E27-51-P1-Ax8-sul 10.52 E27-51-P1-Ax8-sul
186 Xenon Eq. 10.26 £23-51-P19-Ax11-su2 10.31 £23-51-P19-Ax11-su2
EOC 10.55 £23-51-P19-Ax11-su2 10.61 £23-51-P19-Ax11-sul
BOC 10.00 E13-51-P19-Ax8-su2 10.13 E13-S1-P19-Ax8-su2
187 Xenon Eq. 9.87 E13-51-P19-Ax10-su2 9.93 £13-51-P19-Ax11-5u2
EOC 9.96 E13-51-P19-Ax10-5u2 10.03 E13-51-P19-Ax11-5u2
BOC 10.54 £25-54-P19-Ax10-su2 10.62 £25-54-P19-Ax11-su2
188 Xenon Eq. 10.15 £25-54-P19-Ax10-5u2 10.26 £25-54-P19-Ax10-5u2
EOC 10.54 £25-54-P19-Ax10-su2 10.62 £25-54-P19-Ax11-su2
BOC 9.59 E27-51-P1-Ax8-sul 9.71 E27-51-P1-Ax8-sul
189 Xenon Eq. 9.31 E27-51-P1-Ax10-sul 9.45 E27-51-P1-Ax10-sul
EOC 9.45 E27-51-P1-Ax10-sul 9.59 E27-S1-P1-Ax10-sul
BOC 9.92 E27-51-P1-Ax8-sul 10.05 E27-51-P1-Ax8-sul
190 Xenon Eq. 9.63 E27-51-P1-Ax10-sul 9.75 £27-51-P1-Ax10-sul
EOC 9.78 E27-S1-P1-Ax11-sul 9.93 E27-S1-P1-Ax11-sul
min. ONB power (MW) 9.31 9.45
margin to ONB (%) 32.9% 34.9%
variation due to swelling (%) 1.5%
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Table 28. Design 19D20 Thermal Hydraulic Margin with and without Fuel Swelling.

no swelling with swelling
Cycle Core state ONB power (MW) & location | ONB power (MW) & location

BOC 9.48 E7-S1-P5-Ax11-su2 9.64 E10-S1-P5-Ax11-5u2

185 Xenon Eq. 9.77 E10-S1-P5-Ax12-su2 9.92 E10-S1-P5-Ax12-su2

EOC 9.95 E10-51-P5-Ax12-su2 10.09 E10-S1-P5-Ax12-su2

BOC 9.73 E10-51-P5-Ax11-5u2 9.83 E10-51-P5-Ax11-5u2

186 Xenon Eq. 10.06 E10-51-P5-Ax12-su2 10.17 E10-51-P5-Ax12-su2

EOC 10.33 E10-51-P5-Ax13-5u2 10.41 E10-51-P5-Ax13-5u2

BOC 9.79 E10-S1-P5-Ax11-su2 9.87 E10-S1-P5-Ax11-su2

187 Xenon Eq. 9.50 E24-51-P19-Ax9-su2 9.67 £24-51-P19-Ax10-5u2

EOC 9.74 £24-51-P19-Ax10-5u2 9.93 £24-51-P19-Ax10-5u2

BOC 9.94 E10-S1-P5-Ax11-su2 10.00 E10-S1-P5-Ax11-su2

188 Xenon Eq. 10.08 E24-51-P19-Ax9-5u2 10.25 E24-51-P19-Ax9-5u2

EOC 10.35 E10-51-P5-Ax12-su2 10.36 E10-S1-P5-Ax18-5u2

BOC 9.10 E10-S1-P5-Ax12-su2 9.28 E10-S1-P5-Ax12-su2

189 Xenon Eq. 9.27 E10-S1-P5-Ax12-su2 9.45 E10-S1-P5-Ax12-su2

EOC 9.52 E10-51-P5-Ax11-su2 9.72 E10-S1-P5-Ax11-su2

BOC 9.34 E10-51-P5-Ax11-5u2 9.51 E10-51-P5-Ax11-5u2

190 Xenon Eq. 9.68 E10-51-P5-Ax12-su2 9.86 E10-51-P5-Ax12-su2

EOC 9.79 E10-S1-P5-Ax12-5u2 9.97 E10-S1-P5-Ax12-su2
min. ONB power (MW) 9.10 9.28
margin to ONB (%) 30.1% 32.6%
variation due to swelling (%) 1.9%

Table 29. Minimum Volumetric Flow Rate to Remain above 8.4 MW LSSS Requirement
for the Six Final Design Candidates.

LEU Design Configuration | 18B25 18A30 19D20 19A25 19B25 19B30
Volumetric flow rate
required for 20% margin 2150 2040 2020 2020 1900 1970
to ONB, 8.4 MW (gpm)
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5.3 Discussion on Peak Heat Flux of Depleted Cores

The peak heat flux results are tabulated in Table D1 to Table D14 of Appendix D. In addition, a
comparison between the reference LEU design [6] and re-calculated reference LEU design results is
given in Table D15. These results show that the peak heat flux results obtained in this work are in good
agreement with Reference [6].

Figure 28 through Figure 33 illustrate the heat flux profile by plate for the six remaining candidate
designs in key locations as explained below (see section 5.2 for an explanation of the favorable hydraulic
margin of these six candidates, and the most limiting locations with regards to ONB). In this section the
heat flux is assumed to be evenly transferred to each side of the plate. The Stat code does not make this
assumption; however, this allows comparison of the designs based upon the power distributions
generated. The fuel thickness is also plotted by plate for each design, and the reference LEU design. For
comparison, the reference LEU design heat flux by plate is shown at the most limiting location as well as
in element 10. Axial node 11 was selected since, for the most favorable design with regards to ONB
(19B25) this axial node was limiting. Other axial nodes in the vicinity are comparable.

Also shown in these figures is the Core 189 EOC power distribution for element 27 stripe 1 by plate. For
the reference LEU design, element 27 has typically been the most limiting in fresh cores among the C-
ring elements. This is due to its proximity to the larger water hole for the regulating rod. The reference
LEU design has also been shown to be limiting in this peak location, E27P1S1, for depleted cores. In
order to estimate whether the degree of thinning has been adequate, and not overly reduced, the
comparison of the maximum heat flux in Core 189 EOC E27P1S1 to the maximum in the most limiting
location with regards to ONB can be made. If the fuel was thinned less, the most limiting location would
be expected to return to a plate adjacent to the reflector, as is shown to be the case in Section 5.2 with
the reference LEU design.

The most limiting location with regards to ONB has been found in Section 5.2 to be in element 10 of
Core 189 BOC in the channel adjacent to the first plate with full meat thickness, other than for design
19B30. From these figures it can be observed that the first un-thinned plate is also the maximum with
regards to heat flux other than for design 19B30. For design 19B30 core 189 is always limited in element
27 plate 1. This comparison, as tabulated numerically in Table 30, provides a gauge of how appropriate
the fuel has been thinned in the outer plate in order to flatten the power profile. As discussed in the
thermal hydraulic results presented in Section 5.2, the reference LEU design and 19B30 are the only two
limited by element 27 plate 1. These two configurations have heat flux in core 189 EOC element 27 P1
143% and 110% of the BOC element 10 maximum which shows that the outer plate(s) have not been
thinned optimally. The configurations 19D20 and 19B25, however, have the largest margin to ONB (see
Section 5.2) and also have the ratio closest to 100% in Table 30.

It should be noted that these comparisons were made between the same locations for consistency, and
that the most limiting accounts not only for specific local power but also enthalpy rise which is
represented in the results of Section 5.2. These figures do illustrate that within the constraint to have
three distinct fuel thicknesses in the MIT element, the fuel in the outer plates has been thinned
sufficiently in order to flatten the power peaking typical in the MITR core. Table 31 through Table 33
summarize the peak heat fluxes, and locations, found in the designs considered.
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Figure 28. Heat Flux Profile by Plate for design 18A30 in both Element 10, Stripe 1,
Axial Node 11 and Element 27, Stripe 1, Axial Node 11 .
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Figure 29. Heat Flux Profile by Plate for design 18B25 in both Element 10, Stripe 1,
Axial Node 11 and Element 27, Stripe 1, Axial Node 11.
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Figure 30. Heat Flux Profile by Plate for design 19A25 in bothElement 10, Stripe 1,
Axial Node 11 and Element 27, Stripe 1, Axial Node 11.
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Figure 31. Heat Flux Profile by Plate for design 19B25 in both Element 10, Stripe 1,
Axial Node 11 and Element 27, Stripe 1, Axial Node 11.
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Table 30. Heat Flux in Plate 1 Stripe 1 of Element 27 of Core 189 EOC vs. Maximum
Heat Flux in Core 189 BOC Element 10.

. Ref
Axial 11 € f:}"ce 18A30 | 18B25 | 19A25 | 19825 | 19B30 | 19D20
Heat Flux Plate 1

Element 27 (W/cm?) 68.5 47.4 | 473 | 434 48.5 54.2 48.3
Maximum all plates of

Element 10 (W/cm?) ® 47.9 56.3 55.5 54.3 51.0 49.4 51.3
Heat Flux Plate 1 E27

vs. Max E10 all plates 143% 84% 85% 80% 95% 110% 94%

a. Fresh element 10 was found to be limiting for all alternate designs except 19B30 where element 27
plate 1 adjacent to the reflector was most limiting (see Section 5.4).

Table 31. Peak Heat Flux Values for Peak Spot and Stripe for Each LEU Design at BOC.

LEU Peak Spot Peak Spot Peak Stripe | Peak Stripe
Design (W/cm?) Location (W/cm?) Location
Reference 75.4 27P1S1Ax18 50.2 27P1S1
17A30 61.7 10P4S1Ax11 53.4 10P4S1
18A25 58.1 10P4S1Ax11 50.5 10P4S1
18A30 59.2 22P4S4Ax13 49.4 10P4S1
18B25 55.9 10P4S1Ax9 48.6 10P4S1
18D20 58.1 22P14S4Ax13 48.3 10P5S51
19A25 56 22P4S4Ax12 47 10P4S1
19B25 53.7 27P1S1Ax15 45.1 10P4S1
19B30 60.9 27P1S1Ax18 43.4 10P4S1
19D20 57.1 22P1554Ax13 44.9 10P5S1
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LEU Peak Spot Peak Spot Peak Stripe | Peak Stripe
Design (W/cm?) Location (W/cm?) Location
Reference 74.2 27P1S1Ax12 55.6 27P1S1
17A30 60.1 22PA4SAAx13 51.5 10P4S1
18A25 56.5 22P4S4Ax12 48.4 10P4S1
18A30 57.8 22P4S4Ax11 47.7 10P4S1
18B25 54.6 10P4S1Ax9 46.6 10P4S1
18D20 53.7 27P1S1Ax12 46.1 10P5S1
19A25 54.3 22P4S4Ax11 45.1 10P4S1
19B25 53.7 27P1S1Ax12 43.4 10P4S1
19B30 59.2 27P1S1Ax11 44.9 27P1S1
19D20 56.7 22P15S4Ax12 43 10P5S1

Table 33. Peak Heat Flux Values for Peak Spot and Stripe for Each LEU Design at EOC.

LEU Peak Spot Peak Spot Peak Stripe | Peak Stripe
Design (W/cm?) Location (W/cm?) Location
Reference 71.6 27P1S1Ax9 57.7 27P1S1
17A30 60.4 22P4S4Ax12 50.6 10P4S1
18A25 56.1 10P4S1Ax8 47.5 10P4S1
18A30 57.6 22P4S4Ax11 46.9 10P4S1
18B25 54.2 22P4S4Ax11 45.8 10P4S1
18D20 57.4 22P14S4Ax12 44.9 10P5S1
19A25 53.9 22P4S4Ax10 44.2 10P4S1
19B25 52.3 22P4S4Ax11 42.5 10P4S1
19B30 57.3 27P1S1Ax11 45.8 27P1S1
19D20 55.2 22P15S4Ax10 42.1 10P5S1
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5.4 Performance of Depleted Cores

After performing the fuel management depletions, it was necessary to perform neutron flux at two
critical states to assure mission performance. Neutron flux performance results used were thermal (<0.4
eV) other than for the ICSA fast neutron flux (>0.1 MeV).Beginning of Cycle (BOC) and End of Cycle (EOC)
calculations were performed for the last 6 cores (185-190) for each reactor configuration, for a total of
144 calculations. Performance results are presented for HEU in Table 34. LEU performance was assessed
by comparing the LEU to HEU flux ratio by core at both BOC and EOC. Appendix E contains the
performance of the six final LEU element design candidates for cores 185-190. For each of the LEU
element designs, Core 190 consistently required the highest power for performance equivalent to HEU.
Table 35 lists the neutron flux ratio of LEU at 7 MW to HEU at 6 MW for core 190. Also listed is the LEU
power level required to obtain performance equivalent to HEU. This power is based upon providing a
LEU/HEU flux ratio of at least 100% at each location. The average power required for performance
equivalent to HEU over cores 185-190 is listed in Table 36. The power required for performance
equivalent to 6 MW HEU operation is 7.22 for 19A25 and 7.27 MW for 19D20 at EOC. The remaining
designs provide performance within 2% of the HEU reactor operations assuming a 7 MW operating
power level.

Table 34. Neutron Flux Performance in All-Fresh and Historical Depleted HEU Cores at 6 MW.

Flux (n/cm?s)

Below-

Twelve- core
In-Core inch Two-inch Fission Thermal

Irradiation Beam Pneumatic | Converter Beam
Core (A2) Port Facility Window Facility

Energy >0.1 MeV | <0.4eV <0.4 eV <0.4 eV <0.4 eV
HEU Fresh 22 Element 1.19E+14 1.43E+13 5.67E+13 1.04E+13 1.54E+12
HEU 185 BOC 1.31E+14 1.39E+13 5.11E+13 9.77E+12 1.47E+12
HEU 185 EOC 1.26E+14 1.34E+13 4.99E+13 9.36E+12 1.35E+12
HEU 186 BOC 1.29E+14 1.39E+13 5.21E+13 9.72E+12 1.47E+12
HEU 186 EOC 1.24E+14 1.31E+13 5.05E+13 9.26E+12 1.32E+12
HEU 187 BOC 1.29E+14 1.37E+13 5.15E+13 9.78E+12 1.46E+12
HEU 187 EOC 1.25E+14 1.32E+13 5.06E+13 9.46E+12 1.35E+12
HEU 188 BOC 1.28E+14 1.38E+13 5.18E+13 9.74E+12 1.46E+12
HEU 188 EOC 1.24E+14 1.33E+13 5.08E+13 9.40E+12 1.35E+12
HEU 189 BOC 1.31E+14 1.37E+13 5.06E+13 9.62E+12 1.47E+12
HEU 189 EOC 1.27E+14 1.35E+13 5.10E+13 9.51E+12 1.38E+12
HEU 190 BOC 1.28E+14 1.39E+13 5.20E+13 9.58E+12 1.47E+12
HEU 190 EOC 1.25E+14 1.36E+13 5.15E+13 9.38E+12 1.38E+12

Low Enriched Uranium Core Design for the Massachusetts Institute of Technology
Reactor (MITR) with Un-finned 12 mil-thick Clad UMo Monolithic Fuel 71



ANL/GTRI/TM-13/15

Table 35. Performance of Core 190 for Various LEU Element Designs at 7 MW vs. HEU at 6 MW.

Below-
Twelve core Power for
BOC In-Core -inch Two-inch Fission Thermal | Performance
or Element | Power | Irradiation | Beam | Pneumatic | Converter Beam Equivalent to
EOC | Design | (MW) (A2) Port Facility Window Facility HEU (MW)
18A30 7 106.1% 101.2% 102.7% 103.9% 100.1% 6.99
18B25 7 105.4% 99.2% 99.9% 101.7% 98.9% 7.08
BOC 19A25 7 105.9% 101.0% 102.1% 103.5% 99.8% 7.02
19B25 7 105.9% 100.7% 101.6% 103.4% 99.9% 7.00
19B30 7 106.1% 102.0% 103.4% 104.9% 100.6% 6.96
19D20 7 105.3% 99.0% 99.7% 101.3% 98.4% 7.11
18A30 7 105.8% 99.1% 101.3% 102.5% 99.4% 7.06
18B25 7 105.2% 98.4% 99.7% 101.7% 98.9% 7.11
EOC 19A25 7 104.3% 97.5% 99.3% 101.0% 97.0% 7.22
19B25 7 104.5% 97.8% 99.9% 101.5% 97.8% 7.16
19B30 7 105.0% 98.9% 100.7% 102.5% 98.7% 7.09
19D20 7 103.7% 96.6% 98.3% 100.0% 96.3% 7.27

Table 36. Average LEU Core Power for Performance Equivalent to HEU at 6 MW.

Power for Performance Equivalent to HEU

(Mw)
Core 185-190
Element Core 185-190 | Core 185-190 Average of
Design BOC Average EOC Average | BOC and EOC
19B30 6.91 6.87 6.89
18A30 6.96 6.98 6.97
19B25 6.97 7.01 6.99
18B25 7.05 7.00 7.03
19A25 6.97 7.08 7.03
19D20 7.06 7.17 7.12
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5.5 Fission Density and Swelling of Depleted Cores

Figure 34 presents the maximum fission density per plate calculated for the six remaining element
design candidates, and for the finned reference LEU design [6]. The tabulated values are provided in
Table F1 of Appendix F. The swelling values considered were the maximum local value predicted from
the core sequence 185-190, and were calculated as described in Section 3.2.3 where the **°U burnup is
used as a conservative estimate of the fission density. Figure 35 to Figure 37 show respectively the
corresponding maximum swelling by plate relative to the plate or cladding thickness for the six alternate
element designs configurations as well as for the reference LEU design.

The burnup is highest in the design 19D20 compared to the reference LEU design. This can be
understood from the element loading, as shown in Table 18, where the 19D20 uranium mass is 20-30%
lower than the other five most promising designs.

The maximum local fuel swelling thickness is between 3-5 mil for the alternate element designs,
whereas the finned reference LEU design exceeded 6 mil of swelling on an outermost plate due to the
uniform fuel thickness of all plates. Fractional swelling relative to the cladding thickness is similar for
each of the alternate element designs which have 12 mil cladding, or more, on all plates. The reference
LEU design, which has 10 mil cladding on all plates, shows a higher swelling relative to the cladding
thickness.

Fractional swelling relative to the plate thickness is highest in the finned reference LEU design in the
range of 10-15% swelling vs. plate thickness. The alternate element designs exhibit swelling < 10% vs.
plate thickness other than 19B25 where 9-11% swelling vs. plate thickness is predicted. Since the
cladding thickness is 12 mil for all alternate designs in the central plates of the element, it should be
recalled that the fueled thickness fraction will be lowest for 19D20 in the central plates of the element
(45% fuel/plate thickness as-fabricated), and in the outer plates similar to design 19B25 e.g. (minimum
27% fuel/plate thickness as-fabricated). Despite this, the possible benefit to fuel performance from
having a lower fueled thickness fraction may be not be realized in design 19D20 if larger swelling vs.
plate thickness is relevant to fuel performance. Figure 38 shows the maximum fission density vs. fueled
fraction of plate for each design configuration. The data trend shows that for a given fueled thickness
fraction 19D20 has a higher fission density than all configurations other than the finned LEU reference
design.

Whether the data presented in this section, or some other constraints better represent fuel
performance is not addressed in this report. Prior to experimental fuel qualification results, detailed
modeling may be required in order to understand the phenomena of plate deformation. Fuel swelling is
treated in this work; however, the associated phenomena of fuel creep is not since mass transport is not
anticipated to change the average channel dimension relevant to thermal hydraulic performance.
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Figure 35. Maximum Swelling by Plate for each Design Configuration.

Low Enriched Uranium Core Design for the Massachusetts Institute of Technology
Reactor (MITR) with Un-finned 12 mil-thick Clad UMo Monolithic Fuel 74



ANL/GTRI/TM-13/15

16

14

12 <

10

Fuel Swelling / Plate Thickness (%)

—=—reference design ——configuration 18825 ——configuration 18A30 ‘
2 | ——configuration 19020 -=—configuration 19A25 —s—configuration 19825 ‘

——configuration 19830

1 2 3 4 5 [ 7 8 9 10 11 12 13 14 15 16 17 18 19
Plate #
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Figure 37. Maximum Fuel Meat Swelling Relative to Plate Thickness by Plate for each
Design Configuration.
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5.6 Shutdown Margins of Depleted Cores

The shutdown margins obtained for six of the nine remaining candidates is given in Table 37. The
maximum uncertainty associated does not exceed 0.05% within one standard deviation. These margins
are evaluated with the reactor in a cold state (10°C) with 5 blades fully inserted and one of the 6 blades
and the regulating rod fully withdrawn. The limiting blade is the one that yields the smallest shutdown
margin. For every case, the margins are well above the 1% Ak/k requirement.

Table 37. Shutdown Margins for Candidate LEU Configurations.

Element Design Configuration
18B25 18A30 19D20 19A25 19B25 19B30
Ak/k (%) 2.2 3.4 2.4 3.3 3.0 3.9
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6 CONCLUDING REMARKS

A summary of results obtained for the most promising LEU element design configurations with 12 mil
thick cladding is shown in Table 38. Design 19B25 appears the most attractive, overall, since the
analyses demonstrated the largest thermal hydraulic margin with only a small increase in core flow, and
performance that matches HEU neutron flux levels within 2% by operating the LEU core at 7 MW. The
19B25 design contained 19 plates and full-thickness fuel meat of 25 mil in the interior plates of each
element. The other five alternate designs demonstrated adequate, but significantly less, margin to ONB.

The 18-plate designs provided lower margin to ONB. Designs containing the thickest fuel meat (30 mil)
did not demonstrate the highest margin to ONB, and required significantly more ***U per element for
fabrication. The designs with 30 mil thick fuel have the highest fueled thickness fraction (30 mil fuel in
54 mil plate), although this may be somewhat mitigated by having additional fuel in the core and lower
fission density. Since each design has a different 2*°U loading, and a varying degree of fuel thinning in
the outer plates, more detailed results related to burnup and swelling are presented in Section 5.5.

Among the 19-plate designs, 19A25 and 19B25 are identical except for the degree of fuel thinning in the
outer plates. 19B25 has the maximum ONB margin. The design 19D20 is the only design which
demonstrates adequate performance with a 20 mil full-thickness fuel meat. However, the 19D20 core
188 cycle time was reduced by 4 days. Although slight, the fuel cycle of this design was the only design
among the six final designs considered which required a modification to the reference LEU design fuel
cycle. Also, for 19D20, as shown in Table 38, the uranium mass is approximately 20% lower than 19B25
(the design presenting the largest ONB margin among depleted cores). For this reason the **U burnup
is correspondingly higher for this design. Hence, any possible benefit to fuel performance from having a
lower fueled thickness fraction may be offset by additional swelling in the plate as discussed in Section
5.5.

Overall, the results of the calculations demonstrate an adequate fuel cycle including refueling on a
quarterly, or less frequent, basis each year at the 7 MW LEU power required to maintain performance
equivalent to 6 MW HEU operation. Several candidate LEU element designs with 12 mil cladding and no
fins demonstrated sufficient margin to ONB provided core coolant flow rates can be increased, by
approximately 10-20%. While this increased core coolant flow rate has been demonstrated during pre-
operational tests with the current pumps, further evaluation is required. If a minimum increase in core
coolant flow rate is desirable, then element design 19B25 would most easily meet safety margins.
Complete safety analysis after selection of the most promising element design is also required to
determine steady state core flow rates and temperatures and to finalize related uncertainty
assumptions presented is this report. The performance of the LEU element design under accidents and
transient scenarios also requires evaluation. The design selection will follow this report with any input
available regarding fabrication from the FFC pillar, and fuel performance constraints from the FD pillar.

Fabrication input would be helpful regarding anticipated manufacturability of the designs and
reasonableness of the assumed fabrication tolerances used in the safety analysis. Whereas the prior
finned MITR LEU design was based upon a cladding thickness of 10 mil, recent manufacturing
development experience has led to a re-evaluation of the minimum cladding thickness for reliable
fabrication. In this report, all final design candidates contain 12 mil cladding on the U-10Mo fuel except
the outer plates of the element where the cladding is thicker for stability. Nominal thickness of the U-
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10Mo fuel foils ranges from 11-30 mil depending on the design, and plate position. For reasons of
economy of fabrication it has been assumed as a constraint that there would be three distinct fuel foil
thicknesses, and no more, in each element design. Thus, three distinct plates are required for proposed
LEU elements. Whereas the reference LEU design had fins, all proposed plates are un-finned. The
reference LEU plates were 44 mil thick (from the base of the fins). Proposed plates are 44-54 mil thick,
depending on the design. Specific fabrication tolerances assumed are included in Appendix A regarding
local fuel homogeneity (+10% by densitometer over 0.5 inch diameter area) and average channel
tolerances as-fabricated (x4 mil interior or larger and £12 mil end plate to outer diameter of end fitting).

Input related to fuel performance would be helpful with regards to selection among the design
candidates. The fueled thickness fraction varies among the proposed designs. This, in concert with
anticipated burnup (Section 5.5), and consequent fuel plate deformation, may provide a means to
differentiate the designs.

With regards to future safety analysis for MITR, it should be recalled that the loading of each core
remains flexible to meet experimental missions. Thus MIT analyzes the adequacy of thermal hydraulic
margins prior to each core loading. The results presented for the depleted cores here are
representative of current MITR fuel but do not represent conservative conditions under all conceivable
fuel management operations. As a consequence, a careful analysis of the neutronic power distribution
and thermal hydraulic margin for every core loading remains recommended.
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HEU LEU

(::;rge:)t R‘Zf::;';ce 18825 | 18A30 | 19D20 | 19A25 19825 19830
Geometry & uranium mass
25U / U mass per element (g) 508 / 545 831/4210 | 910/4607 | 1058/5356 | 767/3882 | 940/4759 968 /4900 | 1169/5917
number of plates / assembly 15 18 18 18 19 19 19 19
fins depth (mil) 10 10 no fins no fins no fins no fins no fins no fins
plate thickness (no fins) (mil) 60 40 49 54 44 49 49 54
fuel / base clad thickness 1st plates (mil) 13/18 13/20.5 12/16 11/19 13/18 16/19
fuel / base clad thickness 2nd plates (mil) 17/16 18/18 12/16 15/17 17 /16 21/16.5
fuel / base clad thickness 3rd plates (mil) 30/15 20/10 17/ 16 18/18 16/ 14 15/17 17/ 16 21/16.5
fuel / base clad thickness 4th plates (mil) 25/12 30/12 16/ 14 25/12 25/12 30/12
fuel / base clad thickness all other plates (mil) 25/12 30/12 20/12 25 /12 25/12 30/12
end channel water gap (mil) ! 61.5 55.5 71.5 67.2 69.9 65.7 65.7 61.4
interior channel water gap (mil) ! 88 82 81.2 76.4 79.4 74.6 74.6 69.8
Limiting power to ONB (flow = 2200gpm) (MW) for: *
22 element fresh core n.c. 11.75 9.12 9.54 9.32 9.98 9.28 8.84
24 element fuel management sequence n.c. 9.17 8.59 9.01 9.10 9.09 9.67 9.31
Margin to ONB (flow = 2200gpm) (MW) for: >
22 element fresh core n.c. 39% 30% 36% 33% 43% 33% 26%
24 element fuel management sequence n.c. 9% 23% 29% 30% 30% 38% 33%
minimum flow to remain above ONB 20% margin (gpm) n.c. R 2150 2040 2020 2020 1900 1970
through 24 element fuel management sequence:
Minimum shutdown margin Ak/k (%)
22element fresh core n.c. 31 24 4.0 24 3.7 34 4.6
24 element fuel management sequence n.c. - 2.2 3.4 2.4 33 3.0 3.9
Power to match HEU 6MW neutron flux performance (MW)
22 element fresh core - 6.9 6.9 6.8 6.9 6.8 6.8 6.8
24 element fuel management sequence at BOC 4 - 6.80 7.08 6.99 7.11 7.02 7.00 6.96
24 element fuel management sequence at EOC 4 - 6.99 7.11 7.06 7.27 7.22 7.16 7.09
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Notes to Table 38
1) When fins are present, the dimension is the effective gap which is the average of the gap from the fin-tip to fin-
tip and fin-base to fin-base.
2) Represents the minimum margin among all channels from the fuel management sequence of cores 185-190 at
BOC, Xe, and EOC.
3) A 20% minimum margin to ONB is required, and is calculated with reference to a 7 MW nominal reactor power.
4) Represents the most limiting neutron flux performance from the fuel management sequence of cores 185-190
at BOC, and EOC.
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APPENDICES

A. Parameters and Associated Uncertainties Used in Stat7 Analyses

Table Al. General Parameters and Associated Uncertainties Used in Stat7 Analyses.

Parameter Nominal value 3-sigma uncertainty (%)
Reactor power (MW) - 5
Fraction of power deposited in the core, f, 0.965° -
Fraction of power deposited in the fuel 0.94° -
Local power - 14.1°
Pump mass flow rate (kg/s), W, 137.0°¢ 5
Coolant height above top of the fuel plates (m) 3.05 -
Film heat transfer coefficient, h - 20
Coolant core flow fraction, f; 0.921 -
Plenum flow disparity factor, d; 0.93 -
Fraction of the coolant channel flow in the stripe

region, f; (accounts for neglecting 0.91 i

the flow between the side plate and

the edge of the fuel foil)

a) Fraction of the power deposited by region assumed to be a fixed value independent of design; however, values to
be reevaluated for safety analysis of the selected design configuration.

b) The uncertainty considered in this work is 14% based upon the RMS combination of an assumed 10% uncertainty in
the calculated power distribution, and a £10% uncertainty in the local fuel homogeneity in a 0.5 inch diameter area
[4].

c) Mass flow rate of 137 kg/s corresponds to 2200 gpm. Where stated other values have also been used in this study.
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Table A2. Configuration Specific Parameters and Associated Uncertainties Used in Stat7 Analyses.

Interior channel dimension * End channel dimension °
As-fabricated As-fabricated u:;ﬁ:;:ty
Configuration Thickness channel 3-5|grr.|a Thickness channel with core
(mil) average uncertainty (mil) average surface
tolerance (%) tolerance uncertainty
+mi +mi
(xmil) (xmil) (mil)
Ref. design finned 72.0 4.0 5.6% 50.5 12 17
Ref. design no fins 82.0 4.6 5.6% 55.5 12 17
17A30 83.7 4.6 5.6% 73.7 12 17
18A25 81.2 45 5.6% 71.4 12 17
18A30 76.4 4.2 5.6% 67.2 12 17
18B25 81.2 45 5.6% 71.4 12 17
18D20 86.0 4.8 5.6% 75.7 12 17
19A25 74.6 41 5.6% 65.6 12 17
19B25 74.6 4.1 5.6% 65.6 12 17
19B30 69.8 4.0 5.6% 61.4 12 17
19D20 79.4 4.4 5.6% 69.9 12 17

a) Assumed LEU interior channel tolerances are based upon the same fractional variation as specified for the HEU
element which is 5.7% at 3-sigma (1.9% at 1-sigma) for all alternate element designs considered.

b) End channel thickness is defined from the end plate to outer diameter of end fitting, and tolerance as-fabricated
assumed to be +12 mil from end plate to outer diameter of end fitting as described below. End channel thickness is
based on the distance from the outer plate surface to the outer dimension of the end fitting/nozzle (2.405 inch OD) as
described in Section 2.1 of Reference [6]. Assumed LEU end channel tolerances are based upon assumed fabrication
tolerance from the outer plate surface to the outer dimension of the end fitting/nozzle, as described in Section 2.2 of
Reference [6]. Whereas Reference [6] considers that the exterior plate to nozzle outer dimension is £0.008 inch, it has
been considered more reasonable to estimate that the tolerance would be £0.012 inch since the end fitting is welded
to the element at a fabrication step after element plate and side plate assembly is completed. There is some variation
in the adjacent (e.g. core structural) surfaces, which is considered to be +0.005 inch consistent with reactor drawings
[6]. Thus the total uncertainty of the end channel from the outer plate surface to the adjacent structural surface is thus
assumed to be +0.017 inch (the sum of the 0.012 inch and 0.005 inch components). Although this assumed uncertainty
is large, possible variation in manufacturing should be anticipated in order to simplify fabrication constraints. Whereas,
with regards to ONB, the reference LEU design was limited in the end channel, the design options presented in this
report have been found to be limited on interior channels even with the large end channel uncertainties assumed
uncertainty in the end channel.
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B. Target Element Masses for Different Reactor Configurations

Table B1. Target Element Masses for Core Configurations: Reference LEU design to 18B25.

Ring 1st
before Insertion Reference
Element Cores 179- Location 17A30 | 18A25 18A30 18B25
. LEU
190 into Cores
Location 178-190
Fresh (g “°U) 831.4 988.5 | 882.2 | 1057.7 909.9
MIT337 A/B B7 813 970 864 1039 891
MIT300 C c3 645 802 696 871 723
MIT347 F 831 989 882 1058 910
MIT345 F F 831 989 882 1058 910
MIT356 F 831 989 882 1058 910
MIT341 F 831 989 882 1058 910
MIT331 A/B B6 791 948 841 1017 869
MIT329 C C15 759 916 810 986 838
MIT330 A/B C6 808 965 858 1034 886
MIT346 F F 831 989 882 1058 910
MIT354 F F 831 989 882 1058 910
MIT338 A/B B2 831 989 882 1058 910
MIT317 A/B C13 715 872 766 942 794
MIT323 A/B A2 777 934 827 1003 855
MIT279 C C6 610 767 660 836 688
MIT343 F F 831 989 882 1058 910
MIT304 C C5 635 792 686 861 714
MIT302 C Cc1 732 889 783 958 811
MIT355 F F 831 989 882 1058 910
MIT290 C c3 661 818 712 887 740
MIT299 C Cc1 661 818 712 887 740
MIT342 F F 831 989 882 1058 910
MIT292 C C10 670 827 721 897 749
MIT333 A/B C11 759 916 809 985 837
MIT327 C C13 813 970 863 1039 891
MIT344 F F 831 989 882 1058 910
MIT353 F F 831 989 882 1058 910
MIT325 C C1 791 948 842 1017 869
MIT334 A/B B9 740 898 791 967 819
MIT282 C C5 631 788 682 857 709
MIT303 C C2 648 805 699 874 726
MIT301 C C11 695 852 746 921 773
MIT294 C C10 661 818 712 887 739
MIT335 A/B B1 812 969 863 1038 891
MIT348 F F 831 989 882 1058 910
MIT324 C c7 792 949 843 1018 870
MIT322 C C10 700 857 751 926 779
MIT295 C C6 649 806 700 875 728
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Ring before 1st
Cores 179- Insertion Reference
Element 190 Location LEU 17A30 | 18A25 18A30 18B25
Location into Cores
178-190
MIT352 F F 831 989 882 1058 910
MIT332 A/B c4 810 967 860 1036 888
MIT297 C Ccé6 652 809 703 878 730
MIT293 C C12 678 836 729 905 757
MIT326 A/B Cc9 798 955 849 1024 877
MIT339 A/B B5 831 989 882 1058 910
MIT306 C Cc8 722 879 773 948 801
MIT281 C C5 643 801 694 870 722
MIT288 C C2 634 791 685 860 713
MIT305 C c4 669 826 719 895 747
MIT307 C C5 683 840 734 909 761
MIT336 A/B B4 810 967 861 1036 888
MIT351 F F 831 989 882 1058 910
MIT318 C Cc9 715 872 765 941 793
MIT340 A/B B8 831 989 882 1058 910
MIT328 C Ci4 783 940 834 1009 862
MIT349 F F 831 989 882 1058 910
MIT285 C C12 590 747 641 816 669
MIT319 A/B C3 751 908 802 977 829
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Table B2. Target Element Masses for Core Configurations 18D20 to 19D20.

Ring 1st
before Insertion Reference
Element Cores 179- Location 17A30 | 18A25 18A30 18B25
. LEU
190 into Cores
Location 178-190
Fresh (g “°U) 720.6 940 967.7 | 1168.6 766.7
MIT337 A/B B7 702 922 949 1150 748
MIT300 C c3 534 754 781 982 580
MIT347 F F 721 940 968 1169 767
MIT345 F F 721 940 968 1169 767
MIT356 F 721 940 968 1169 767
MIT341 F 721 940 968 1169 767
MIT331 A/B B6 680 899 927 1128 726
MIT329 C C15 648 868 896 1096 695
MIT330 A/B C6 697 916 944 1145 743
MIT346 F F 721 940 968 1169 767
MIT354 F F 721 940 968 1169 767
MIT338 A/B B2 721 940 968 1169 767
MIT317 A/B C13 604 824 852 1052 651
MIT323 A/B A2 666 885 913 1114 712
MIT279 C C6 499 718 746 947 545
MIT343 F F 721 940 968 1169 767
MIT304 C C5 524 744 771 972 570
MIT302 C Cc1 621 841 868 1069 667
MIT355 F F 721 940 968 1169 767
MIT290 C c3 550 770 797 998 596
MIT299 C Cc1 550 770 797 998 596
MIT342 F F 721 940 968 1169 767
MIT292 C C10 560 779 807 1008 606
MIT333 A/B C11 648 867 895 1096 694
MIT327 C C13 702 921 949 1150 748
MIT344 F F 721 940 968 1169 767
MIT353 F F 721 940 968 1169 767
MIT325 C C1 680 899 927 1128 726
MIT334 A/B B9 630 849 877 1078 676
MIT282 C C5 520 740 767 968 566
MIT303 C C2 537 757 784 985 583
MIT301 C C11 584 804 831 1032 630
MIT294 C C10 550 769 797 998 596
MIT335 A/B B1 701 921 948 1149 747
MIT348 F F 721 940 968 1169 767
MIT324 C c7 681 900 928 1129 727
MIT322 C C10 589 809 836 1037 636
MIT295 C C6 538 758 785 986 585
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Table B2. Cont’d

ANL/GTRI/TM-13/15

Ring before 1st
Cores 179- Insertion Reference
Element 190 Location LEU 17A30 | 18A25 18A30 18B25
Location into Cores
178-190
MIT352 F F 721 940 968 1169 767
MIT332 A/B c4 699 918 946 1147 745
MIT297 C Ccé6 541 760 788 989 587
MIT293 C C12 568 787 815 1016 614
MIT326 A/B Cc9 687 907 934 1135 734
MIT339 A/B B5 721 940 968 1169 767
MIT306 C Cc8 611 831 858 1059 657
MIT281 C C5 533 752 780 981 579
MIT288 C C2 523 743 770 971 570
MIT305 C c4 558 777 805 1006 604
MIT307 C C5 572 791 819 1020 618
MIT336 A/B B4 699 918 946 1147 745
MIT351 F F 721 940 968 1169 767
MIT318 C Cc9 604 823 851 1052 650
MIT340 A/B B8 721 940 968 1169 767
MIT328 C Ci4 672 892 919 1120 718
MIT349 F F 721 940 968 1169 767
MIT285 C C12 479 699 726 927 525
MIT319 A/B C3 640 859 887 1088 686
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C. Control Blades Heights of Depleted Cores

Table C1. Core 179 to 184 Blade Heights (cm) for Reference LEU to 18B25.

Core EFPD REfLeErE“CP‘ 17A30 | 18A25 | 18A30 | 18B25
Core179 | O 19.371 18.56 18332 | 22029 | 16.845
1 28.015 26887 | 26.907 | 29.284 | 24.671
3 30.945 27957 | 29.156 | 30.68 26.615
10 30.945 28727 | 30815 |31.806 |27.755
40 35.221 32825 |33.817 |35977 |3207
47 35.221 32825 |33.817 |35977 |31.074
Core 180 | 47 22.778 22258 | 22.852 | 25577 | 21.025
48 31.978 29.095 | 30.37 32606 | 28.731
50 34.103 30.702 | 32.098 | 34534 | 3077
57 34.423 31.78 32951 | 34534 | 30.77
87 37.807 35.04 35.94 38.738 | 33.268
94 37.807 35.04 37.55 38.738 | 34.051
Core 181 | 94 24.126 23386 | 23.252 | 25.777 | 21.891
95 34.262 30729 |30.762 | 33.78 29.92
97 35.494 31.744 | 34648 | 35244 |31.677
104 35.494 33.474 | 34648 |36.129 |32.813
134 38.529 35324 | 38993 | 38384 | 35808
141 39.55 37.046 | 38.993 | 40.287 | 36.965
Core 182 | 141 27.624 25604 | 26345 | 28.998 | 24.842
142 38.139 33251 | 35797 |37.428 |32.943
144 41.034 36.827 | 38437 | 40629 | 3691
151 42.305 36.827 | 39.206 | 40.629 | 36.91
176 47.615 41.004 | 42.728 | 447 40271
Core 183 | 176 27.918 2551 26.48 28.749 | 24.664
177 38.252 32851 | 34753 | 37611 |33.786
179 39.858 36.16 38394 | 39339 | 35.424
186 40.809 36.16 39.15 39.339 | 37.303
223 47.123 41439 | 44.047 | 44741 | 41.077
Core 184 | 223 27.826 26536 | 26.816 | 29.527 | 25.089
224 39.483 34657 | 37.144 | 38.459 | 33.401
226 39.483 37.019 |39.388 |39.771 | 37.402
233 41.525 38.653 | 40301 | 41582 |38
263 46.465 41817 | 45304 | 44.788 | 40.637
270 49.012 4235 45304 | 47.889 | 42.399
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Table C2. Core 185 to 190 Blade Heights (cm) for Reference LEU to 18B25.

Core EFPD Refféznce 17A30 | 18A25 | 18A30 | 18B25
Core 185 | 270 27.764 | 25606 | 25358 | 28.429 | 24.482
271 36.834 | 33.068 | 3543 | 36543 | 3233
273 40122 | 36.208 | 38906 | 40172 | 3678
280 40893 | 36.964 | 39.925 | 41.023 | 36.304
310 48447 | 41586 | 44.083 | 4585 | 41.975
317 48447 | 42729 | 44.083 | 46525 | 41.975
Core 186 | 317 27586 | 26566 | 26658 | 30.014 | 25.056
318 36.693 | 34258 | 36.156 | 36.836 | 33.271
320 42286 | 37.202 | 41162 | 41.041 | 36.839
327 42.286 3896 | 41.162 | 41.041 | 37.526
357 47.766 | 40.453 | 43319 | 46111 | 40091
364 49.765 | 41.982 | 44333 | 46111 | 41.499
Core 187 | 364 25.28 24349 | 2575 | 27.734 | 23.225
365 34619 | 31678 | 34548 | 35057 | 31.744
367 37.654 3584 | 36.059 | 38634 | 34.419
374 38.639 3584 | 37.783 | 38634 | 35441
404 43838 | 39311 | 42427 | 42519 | 37.7%
411 43838 | 39311 | 42427 | 42519 | 38716
Core 188 | 411 29.016 | 27549 | 28332 | 31.345 | 26.809
412 39.707 | 35955 | 38.356 | 40.564 | 34.913
414 428 38.246 | 42224 | 41.598 | 38.306
421 428 39.914 | 42.224 | 41598 | 38.306
451 49.022 | 43.454 | 47937 | 48895 | 43.859
458 50.868 4408 | 48.804 | 49.665 | 43.263
Core 189 | 458 24.07 23.605 | 23235 | 26222 | 22623
459 32714 | 29.714 | 32.755 | 33.645 | 28574
461 35553 | 32462 | 34459 | 3531 | 31.395
468 36.797 | 32462 | 35332 | 36526 | 33.246
498 40.708 3696 | 39.902 | 39.938 | 36.817
505 43.001 36.96 | 39.902 | 41.056 | 36.817
Core 190 | 505 26668 | 25291 | 2601 | 28.797 | 25078
506 37.454 | 33.869 | 34.815 | 36.696 | 33.271
508 40.768 | 36.494 | 37.816 | 39.934 | 35446
515 40.768 | 36.494 | 39.622 | 39.934 | 36.73
545 44294 | 40.749 | 43.813 | 43.778 | 40543
552 44294 | 40.749 | 43.813 | 43.778 | 40543
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Table C3. Core 179 to 184 Blade Heights (cm) for 18D20 to 19D20.

Core EFPD 18D20 19A25 19825 19B30 19D20
Core 179 0 16.299 22.086 20.173 24.132 18.703
1 25.051 29.435 26.978 31.096 25.845
3 27.596 31.223 29.535 32.653 29.374
10 27.596 32.894 29.535 33.39 30.271
40 32.675 36.009 34.355 36.797 35.377
47 32.675 36.716 35.045 36.797 35.377
Core 180 47 20.154 25.602 23.953 27.288 22.146
48 29.986 32.966 30.572 34.147 32.322
50 31.57 35.353 32.95 35.259 33.282
57 32.602 36.606 33.945 36.58 34.054
87 35.523 40.005 37.797 39.679 38.715
94 37.631 40.005 37.797 39.679 38.715
Core 181 94 21.074 25.717 23.88 27.806 23.119
95 30.754 34.511 32.132 34.12 31.857
97 32.03 35.804 34.279 37.29 35.3
104 34.231 37.73 35.385 38.198 35.3
134 36.402 43.091 37.877 41.194 40.278
141 37.841 43.091 40.304 41.194 40.278
Core 182 141 24.137 28.36 27.607 30.952 26.135
142 35.782 38.802 35.944 37.976 36.787
144 38.97 41.473 40.061 41.341 41.495
151 38.97 42.248 40.061 42.04 41.495
176 44.276 47.052 43.471 45.641 47.92
Core 183 176 23.893 29.028 27.474 30.574 26.407
177 35.675 38.894 36.136 38.776 36.998
179 38.353 40.464 39.069 42.265 40.681
186 38.353 42.998 39.069 42.265 40.681
216 45.704 48.078 45.366 46.862 47.497
Core 184 223 46.428 49.055 45.366 46.862 47.497
223 25.512 29.435 28.363 31.438 27.022
224 36.281 40.046 36.238 39.016 37.905
226 40.269 42.408 41.54 41.647 41.881
233 40.269 43.494 41.54 42.372 41.881
263 44,744 49.54 46.158 46.294 48.655
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Table C4. Core 185 to 190 Blade Heights (cm) for 18D20 to 19D20.

Core EFPD 18D20 19A25 19B25 19B30 19D20°
Core 185 270 24.425 28.359 27.349 30.428 25.746
271 34.974 39.195 36.689 38.355 37.412
273 37.923 40.682 38.272 41.458 40.067
280 39.251 43.617 39.065 41.458 40.067
310 45.169 50.324 46.186 46.966 48.889
317 48.688 51.198 46.186 46.966 50.385
Core 186 317 18D20 19A25 19B25 19B30 19D20
318 24.499 29.11 28.7 31.288 26.271
320 36.844 38.989 36.222 39.969 39.176
327 39.081 43.423 40.978 41.949 41.14
357 40.289 44.188 40.978 42.881 41.14
364 45.305 49.523 44.591 46.238 45.751
Core 187 364 45.305 51.571 45.537 46.238 51.211
365 22.218 27.013 26.104 29.257 23.696
367 32.813 37.515 34.485 35.396 34.366
374 36.355 38.637 36.756 38.886 38.457
404 36.355 40.37 38.596 39.874 38.457
411 42.354 45.921 42.487 42.831 42.985
Core 188 411 42.354 45.921 42.487 42.831 44.255
412 26.283 30.302 29.531 32.322 27.647
414 38.495 40.123 37.79 39.88 38.469
421 39.855 45.72 41.604 44.557 44.097
451 42.167 45.72 41.604 44.557 44.919
458° 49.709 52.717 46.958 48.023 52.004
Core 189 458 49.709 52.717 46.958 50.121 52.004
459 21.603 26.3 24.845 28.217 22.652
461 30.927 34.874 32.658 35.061 32.888
468 32.723 36.881 34.201 36.954 34.637
498 33.814 38.45 35.183 38.683 35.76
505 38.37 41.819 40.298 42.231 40.57
Core 190 505 40.337 42.761 41.16 42.231 41.676
506 23.889 28.688 27.579 30.883 26.684
508 35.772 39.373 36.188 39.118 37.699
515 37.54 40.593 38.337 40.372 39.787
545 38.368 42.084 40.439 41.425 39.787
552 44.194 46.564 43.728 45.143 46.859

a) 19D20 core 188 was ended at 454 EFPD due to limited reactivity.
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Table C5. Core 185-190 Average Change in Blade Height for BOC and EOC.

Average BOC Delta Blade Average EOC Delta Blade
Height vs. Prior Core Height vs. Prior Core
Reference LEU Design -0.2 -0.4
17A30 -0.2 -0.3
18A25 -0.1 -0.2
18A30 -0.1 -0.7
18B25 0.0 -0.3
18D20 -0.3 -0.6
19A25 -0.1 -0.4
19B25 -0.1 -0.1
19B30 -0.1 -0.2
19D20 -0.1 -0.3

Note: Designs 18C25 and 19B20 were dropped since unable to maintain criticality through
the series of fuel management representative cores.

Low Enriched Uranium Core Design for the Massachusetts Institute of Technology

Reactor (MITR) with Un-finned 12 mil-thick Clad UMo Monolithic Fuel C5



D. Peak Heat Flux of Depleted Cores

ANL/GTRI/TM-13/15

Table D1. Peak Heat Flux for Cores 185-190 for Reference LEU Design.

Heat Flux (W/cm2)
Core Core State Peak Peak Peak Peak
Spot Stripe Plate Element
BOC 71.8 50.2 47.8 35.3
185 Xe. Eq. 69.7 55.1 48.1 33.9
EOC 67.3 56.3 50.1 33.2
BOC 70.6 48.8 46.5 34.8
186 Xe. Eq. 68.5 54.2 47.7 33.2
EOC 65.5 54.9 49.9 32.6
BOC 73.6 49.7 46.3 34.4
187 Xe. Eq. 73.2 55.2 50.1 32.9
EOC 70.3 56.2 51.7 32.2
BOC 73.6 49.4 45 33.6
188 Xe. Eq. 70.2 53.9 49.6 32.2
EOC 67.8 54.4 51.8 31.7
BOC 75.4 49.5 44.4 35.7
189 Xe. Eq. 74.2 55.6 48.4 34.1
EOC 71.6 57.7 51 33.4
BOC 73 49.6 43.4 35.2
190 Xe. Eq. 71.1 56.2 49.4 33.5
EOC 69.5 56.1 49.7 33.2
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Table D2. Peak Heat Flux for Cores 185-190 for Design 18A30.

ANL/GTRI/TM-13/15

Heat Flux (W/cm2)
Core Core State Peak Peak Peak Peak
Spot Stripe Plate Element
BOC 57.7 47.4 42.9 34.9
185 Xe. Eq. 56.7 45.6 41 33.5
EOC 55.8 45.1 40.3 33
BOC 56.6 46.5 41.7 343
186 Xe. Eq. 55.2 44.9 40.1 33.2
EOC 54.5 44.3 39.7 32.7
BOC 58.9 47 41.4 33.9
187 Xe. Eq. 57.4 45.4 39.7 32.7
EOC 56.8 44.9 39.4 32.3
BOC 57.5 45.9 40.6 33.3
188 Xe. Eq. 56.2 44.7 39.4 32.3
EOC 55 45.2 38.7 31.8
BOC 59.2 49.4 42.4 35.1
189 Xe. Eq. 57.8 47.7 40.9 33.9
EOC 57.6 46.9 40.3 33.3
BOC 58.5 48.2 41.9 34.6
190 Xe. Eq. 55.9 46.5 40.3 33.4
EOC 56.8 46 39.9 33
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Table D3. Peak Heat Flux for Cores 185-190 for Design 18B25.

ANL/GTRI/TM-13/15

Heat Flux (W/cm2)
Core Core State Peak Peak Peak Peak
Spot Stripe Plate Element
BOC 54.7 46.6 42.3 35.6
185 Xe. Eq. 52.9 44.9 40.3 34
EOC 51.9 44 39.5 33,5
BOC 54 45.7 41.1 35.1
186 Xe. Eq. 51.6 43.8 39.3 33.7
EOC 51.5 43.2 38.7 33.2
BOC 53.7 46 40.7 34.7
187 Xe. Eq. 53.6 44.1 38.9 33.2
EOC 53.1 43.7 38.4 32.7
BOC 53.8 45 39.9 34
188 Xe. Eq. 52.3 43.4 38.4 32.6
EOC 51.7 42.8 37.8 32.1
BOC 55.9 48.6 41.5 35.8
189 Xe. Eq. 54.6 46.6 40 34.6
EOC 54.2 45.8 39.3 33.9
BOC 54.4 47.4 40.9 35.3
190 Xe. Eq. 53.6 45.6 39.2 33.9
EOC 52.9 44.7 38.7 334

Low Enriched Uranium Core Design for the Massachusetts Institute of Technology
Reactor (MITR) with Un-finned 12 mil-thick Clad UMo Monolithic Fuel

D-3



Table D4. Peak Heat Flux for Cores 185-190 for Design 19A25.

ANL/GTRI/TM-13/15

Heat Flux (W/cm2)
Core Core State  peak Peak Peak Peak
Spot Stripe Plate Element
BOC 54.5 45 41.3 331
185 Xe. Eq. 52.9 43.3 39.6 31.8
EOC 50.7 42.4 38.6 31.1
BOC 52.5 44.1 40.2 32.7
186 Xe. Eq. 50.4 42.2 38.3 31.3
EOC 50.1 41.6 37.8 30.8
BOC 53.9 44.6 39.7 323
187 Xe. Eq. 53.6 42.7 38.2 31
EOC 52.6 42.2 37.4 30.4
BOC 54.1 43.8 39.1 31.7
188 Xe. Eq. 52.5 41.9 37.3 30.3
EOC 50.9 42.2 36.9 29.9
BOC 56 47 40.5 333
189 Xe. Eq. 54.3 45.1 38.9 32.1
EOC 53.9 44.2 38.2 315
BOC 54.8 45.8 39.8 32.8
190 Xe. Eq. 53.6 44.1 38.3 316
EOC 52.8 43.1 37.6 31

Low Enriched Uranium Core Design for the Massachusetts Institute of Technology
Reactor (MITR) with Un-finned 12 mil-thick Clad UMo Monolithic Fuel

D-4



Table D5. Peak Heat Flux for Cores 185-190 for Design 19B25.

ANL/GTRI/TM-13/15

Heat Flux (W/cm2)
Core Core State  peak Peak Peak Peak
Spot Stripe Plate Element
BOC 52.5 43.5 39.6 33.3
185 Xe. Eq. 50.7 42 37.9 32
EOC 50.2 41 37.1 314
BOC 51.3 42.2 38.3 32.7
186 Xe. Eq. 49.5 40.8 36.8 31.4
EOC 49.5 40.6 36.4 31
BOC 52.4 42.7 38 324
187 Xe. Eq. 51.8 41.2 36.6 31.2
EOC 51.5 40.5 36.1 30.7
BOC 52.1 41.9 374 31.8
188 Xe. Eq. 50.2 40.5 36 30.6
EOC 50 40.4 355 30.2
BOC 53.7 45.1 38.9 33.6
189 Xe. Eq. 53.7 43.4 37.5 324
EOC 52.3 42.5 36.9 31.7
BOC 52.9 44 38.4 33
190 Xe. Eq. 51.4 423 36.9 31.8
EOC 51 41.7 36.2 31.2
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Table D6. Peak Heat Flux for Cores 185-190 for Design 19B30.

ANL/GTRI/TM-13/15

Heat Flux (W/cm2)
Core Core State  peak Peak Peak Peak
Spot Stripe Plate Element
BOC 58 42.1 37.8 32.7
185 Xe. Eq. 55.7 44.4 38.5 31.6
EOC 54.3 45 39.3 31.1
BOC 55.4 413 37.1 32.2
186 Xe. Eq. 53.5 42.6 37.1 31.2
EOC 51.7 42.5 37.9 30.9
BOC 58.2 41.6 36.8 32
187 Xe. Eq. 56.6 43.9 38.3 30.9
EOC 55 44.2 38.8 30.6
BOC 52.2 43.1 39.9 30
188 Xe. Eq. 54.5 43.2 39.4 30.3
EOC 52.2 43.1 39.9 30
BOC 60.9 43.4 37.7 32.9
189 Xe. Eq. 59.2 44.9 38.6 31.9
EOC 57.3 45.8 39.8 31.4
BOC 58.7 42.5 37.3 32.4
190 Xe. Eq. 57 44.7 38.8 31.5
EOC 54.7 45.5 39.8 31
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Table D7. Peak Heat Flux for Cores 185-190 for Design 19D20.

ANL/GTRI/TM-13/15

Heat Flux (W/cm2)
Core Core State Peak Peak Peak Peak
Spot Stripe Plate Element
BOC 50.7 43.1 38.5 33.7
185 Xe. Eq. 49.2 41.2 36.5 321
EOC 48.1 40.6 35.8 31.4
BOC 50.3 42.2 37.3 331
186 Xe. Eq. 49.8 40.3 35.4 315
EOC 47.1 393 36.3 30.9
BOC 52.9 42.5 36.8 32.7
187 Xe. Eq. 52.4 40.4 35.4 31
EOC 50.4 39.6 36.7 30.5
BOC 53.1 41.6 36.2 32
188 Xe. Eq. 50.6 39.4 36.4 30.4
EOC 47.7 39.2 37.7 29.9
BOC 52.7 45 37.8 34
189 Xe. Eq. 52.6 43.1 36 324
EOC 50.8 41.9 355 31.8
BOC 50.8 43.7 37 33.2
190 Xe. Eq. 49.6 41.6 35.3 31.8
EOC 48.6 41.2 353 31.2
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Table D8. Peak to Core Average Heat Flux or Cores 185-190 for Reference LEU Design.

Peak/Core Average
Core Core State Peak Peak Peak Peak
Spot Stripe Plate Element
BOC 2.663 1.863 1.772 1.31
185 Xe. Eq. 2.587 2.044 1.783 1.257
EOC 2.495 2.09 1.858 1.232
BOC 2.62 1.811 1.727 1.291
186 Xe. Eq. 2.543 2.01 1.771 1.231
EOC 2.429 2.035 1.851 1.209
BOC 2.732 1.845 1.719 1.274
187 Xe. Eq. 2.716 2.047 1.859 1.219
EOC 2.607 2.085 1.919 1.196
BOC 2.731 1.831 1.668 1.248
188 Xe. Eq. 2.604 2 1.84 1.194
EOC 2.515 2.019 1.921 1.176
BOC 2.797 1.837 1.648 1.325
189 Xe. Eq. 2.751 2.063 1.797 1.266
EOC 2.657 2.14 1.891 1.239
BOC 2.707 1.84 1.608 1.305
190 Xe. Eq. 2.637 2.083 1.834 1.243
EOC 2.577 2.08 1.844 1.23
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Table D9. Peak to Core Average Heat Flux or Cores 185-190 for Design 18A30.

Peak/Core Average
Core Core State Peak Peak Peak Peak
Spot Stripe Plate Element
BOC 2.14 1.758 1.59 1.293
185 Xe. Eq. 2.103 1.693 1.522 1.243
EOC 2.069 1.674 1.496 1.224
BOC 2.101 1.723 1.545 1.273
186 Xe. Eq. 2.049 1.665 1.489 1.23
EOC 2.023 1.642 1.472 1.214
BOC 2.186 1.742 1.534 1.259
187 Xe. Eq. 2.13 1.684 1.473 1.214
EOC 2.106 1.666 1.461 1.2
BOC 2.133 1.704 1.505 1.237
188 Xe. Eq. 2.084 1.656 1.461 1.197
EOC 2.042 1.675 1.434 1.178
BOC 2.196 1.831 1.572 1.302
189 Xe. Eq. 2.146 1.769 1.518 1.259
EOC 2.136 1.74 1.493 1.237
BOC 2.171 1.788 1.553 1.284
190 Xe. Eq. 2.075 1.726 1.494 1.237
EOC 2.108 1.708 1.479 1.224
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Table D10. Peak to Core Average Heat Flux or Cores 185-190 for Design 18B25.

Peak/Core Average
Core Core State Peak Peak Peak Peak
Spot Stripe Plate Element
BOC 2.03 1.73 1.57 1.321
185 Xe. Eq. 1.961 1.664 1.496 1.262
EOC 1.924 1.633 1.466 1.243
BOC 2.004 1.697 1.523 1.303
186 Xe. Eq. 1.914 1.624 1.459 1.249
EOC 1.909 1.603 1.436 1.231
BOC 1.992 1.707 1.508 1.286
187 Xe. Eq. 1.989 1.637 1.443 1.231
EOC 1.968 1.62 1.426 1.212
BOC 1.995 1.67 1.479 1.26
188 Xe. Eq. 1.941 1.61 1.424 1.21
EOC 1.917 1.587 1.401 1.192
BOC 2.073 1.804 1.54 1.329
189 Xe. Eq. 2.025 1.73 1.484 1.284
EOC 2.011 1.698 1.459 1.259
BOC 2.019 1.757 1.518 1.309
190 Xe. Eq. 1.989 1.691 1.454 1.259
EOC 1.962 1.657 1.434 1.238
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Table D11. Peak to Core Average Heat Flux or Cores 185-190 for Design 19A25.

Peak/Core Average
Core  CoreState  peak Peak Peak Peak
Spot Stripe Plate Element
BOC 2.136 1.764 1.619 1.297
185 Xe. Eq. 2.07 1.694 1.549 1.247
EOC 1.987 1.662 1.511 1.22
BOC 2.057 1.728 1.572 1.28
186 Xe. Eq. 1.972 1.652 1.499 1.225
EOC 1.96 1.627 1.478 1.205
BOC 2.109 1.746 1.555 1.263
187 Xe. Eq. 2.097 1.672 1.494 1.213
EOC 2.061 1.653 1.466 1.191
BOC 2.119 1.715 1.53 1.242
188 Xe. Eq. 2.054 1.641 1.462 1.187
EOC 1.992 1.653 1.445 1.171
BOC 2.192 1.842 1.585 1.305
189 Xe. Eq. 2.128 1.766 1.523 1.256
EOC 2.111 1.731 1.496 1.235
BOC 2.146 1.793 1.558 1.285
190 Xe. Eq. 2.099 1.726 1.501 1.237
EOC 2.066 1.689 1.472 1.215
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Table D12. Peak to Core Average Heat Flux or Cores 185-190 for Design 19B25.

Peak/Core Average
Core Core State Peak Peak Peak Peak
Spot Stripe Plate Element
BOC 2.055 1.705 1.552 1.302
185 Xe. Eq. 1.986 1.644 1.483 1.253
EOC 1.967 1.606 1.451 1.228
BOC 2.007 1.651 15 1.282
186 Xe. Eq. 1.939 1.599 1.442 1.231
EOC 1.937 1.589 1.426 1.216
BOC 2.052 1.673 1.489 1.269
187 Xe. Eq. 2.026 1.614 1.435 1.221
EOC 2.015 1.586 1.415 1.202
BOC 2.039 1.642 1.463 1.246
188 Xe. Eq. 1.965 1.584 1.409 1.198
EOC 1.956 1.582 1.391 1.184
BOC 2.102 1.766 1.525 1.315
189 Xe. Eq. 2.104 1.697 1.47 1.267
EOC 2.047 1.665 1.443 1.241
BOC 2.072 1.722 1.504 1.294
190 Xe. Eq. 2.013 1.656 1.444 1.246
EOC 1.998 1.631 1.419 1.222
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Table D13. Peak to Core Average Heat Flux or Cores 185-190 for Design 19B30.

Peak/Core Average
Core  CoreState  peak Peak Peak Peak
Spot Stripe Plate Element
BOC 2.269 1.647 1.48 1.28
185 Xe. Eq. 2.182 1.74 1.506 1.236
EOC 2.125 1.761 1.539 1.219
BOC 2.168 1.618 1.453 1.262
186 Xe. Eq. 2.095 1.667 1.453 1.222
EOC 2.024 1.666 1.484 1.209
BOC 2.279 1.629 1.443 1.252
187 Xe. Eq. 2.217 1.719 1.5 1.211
EOC 2.155 1.729 1.519 1.198
BOC 2.045 1.689 1.562 1.176
188 Xe. Eq. 2.132 1.692 1.543 1.188
EOC 2.045 1.689 1.562 1.176
BOC 2.383 1.7 1.478 1.287
189 Xe. Eq. 2.319 1.757 1.512 1.25
EOC 2.245 1.792 1.557 1.231
BOC 2.299 1.665 1.459 1.269
190 Xe. Eq. 2.232 1.752 1.519 1.232
EOC 2.141 1.78 1.56 1.213
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Table D14. Peak to Core Average Heat Flux or Cores 185-190 for Design 19D20.

Peak/Core Average
Core Core State Peak Peak Peak Peak
Spot Stripe Plate Element
BOC 1.985 1.686 1.507 1.318
185 Xe. Eq. 1.926 1.613 1.43 1.256
EOC 1.882 1.588 1.402 1.228
BOC 1.971 1.652 1.46 1.298
186 Xe. Eq. 1.949 1.577 1.386 1.233
EOC 1.846 1.54 1.423 1.208
BOC 2.07 1.662 1.441 1.28
187 Xe. Eq. 2.05 1.582 1.388 1.213
EOC 1.974 1.551 1.437 1.195
BOC 2.079 1.627 1.418 1.251
188 Xe. Eq. 1.981 1.543 1.425 1.19
EOC 1.868 1.536 1.476 1.172
BOC 2.064 1.762 1.48 1.331
189 Xe. Eq. 2.059 1.686 1.411 1.27
EOC 1.991 1.642 1.391 1.245
BOC 1.989 1.711 1.448 1.3
190 Xe. Eq. 1.944 1.629 1.383 1.244
EOC 1.904 1.615 1.382 1.222

Table D15. Relative Difference in Maximum Heat Flux between Reference LEU design [6] and
Re-calculated Results.

Core Relative Difference in Heat Flux (%)1
Peak Spot Peak Stripe Peak Plate Peak Element
185-BOC 0.3% -0.4% -0.2% -0.3%
185-EOC 1.1% 0.0% 0.0% 0.0%
186-BOC 0.0% 0.4% 0.2% 0.3%
186-EOC -0.8% 1.1% 2.7% -0.6%
187-BOC -0.9% -0.8% 0.2% 0.3%
187-EOC -1.1% 0.0% 0.0% -0.3%
188-BOC 0.1% -0.2% 0.2% 0.0%
188-EOC 1.6% 0.0% -0.2% 0.0%
189-BOC -1.6% -0.4% 0.0% 0.0%
189-EO0C -0.8% 0.9% 1.4% -0.6%
190-BOC -0.7% -1.2% 0.5% 0.3%
190-EO0C 1.0% -0.7% -0.8% 0.3%

1) This table compares for the finned reference LEU design the peak heat flux values in
various regions as reported in Reference [6] to values re-calculated in this work.
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Table E1. Performance of Six Final Element Design Candidates for Cores 185-190 at BOC.

LEU 7 MW Performance vs. HEU 6 MW Performance Power for
In-Core Twelve- Two-inch Fission Below-core Performance
Element | Irradiation | inch Beam | Pneumatic | Converter | Thermal Beam Equivalent to
Core Design (A2) Port Facility Window Facility HEU (MW)
185 18A30 105.5% 101.9% 102.6% 102.3% 100.9% 6.94
186 18A30 105.3% 100.9% 103.5% 103.2% 100.1% 6.99
187 18A30 105.5% 101.6% 103.7% 103.4% 101.5% 6.89
188 18A30 105.2% 100.9% 103.2% 102.7% 100.0% 7.00
189 18A30 104.8% 102.3% 104.0% 103.6% 100.7% 6.95
190 18A30 106.1% 101.2% 102.7% 103.9% 100.1% 6.99
185 18B25 105.0% 100.1% 100.1% 100.1% 99.8% 7.01
186 18B25 105.2% 99.6% 101.6% 101.4% 99.7% 7.03
187 18B25 105.3% 99.4% 100.8% 100.8% 100.2% 7.04
188 18B25 104.9% 99.7% 101.2% 101.1% 99.5% 7.04
189 18B25 104.0% 99.5% 100.8% 100.8% 98.6% 7.10
190 18B25 105.4% 99.2% 99.9% 101.7% 98.9% 7.08
185 19A25 105.4% 101.7% 102.4% 102.2% 100.6% 6.96
186 19A25 105.7% 100.9% 103.7% 103.4% 100.4% 6.97
187 19A25 105.6% 101.5% 103.4% 103.2% 101.4% 6.90
188 19A25 105.6% 101.2% 103.3% 102.9% 100.4% 6.97
189 19A25 104.5% 101.4% 103.6% 103.1% 100.1% 6.99
190 19A25 105.9% 101.0% 102.1% 103.5% 99.8% 7.02
185 19B25 105.3% 101.2% 102.0% 101.9% 100.8% 6.94
186 19B25 105.2% 100.7% 103.0% 102.9% 100.1% 6.99
187 19B25 105.5% 101.3% 103.1% 102.8% 101.4% 6.91
188 19B25 105.2% 101.0% 102.7% 102.4% 100.1% 6.99
189 19B25 104.5% 101.5% 103.1% 102.7% 100.2% 6.99
190 19B25 105.9% 100.7% 101.6% 103.4% 99.9% 7.00
185 19B30 105.5% 102.5% 103.9% 103.6% 101.4% 6.91
186 19830 105.8% 102.1% 104.6% 104.4% 101.0% 6.93
187 19B30 105.9% 102.9% 104.8% 104.6% 102.2% 6.85
188 19830 105.8% 102.4% 104.3% 103.6% 101.1% 6.93
189 19B30 105.0% 103.1% 105.5% 104.8% 101.4% 6.90
190 19B30 106.1% 102.0% 103.4% 104.9% 100.6% 6.96
185 19D20 105.2% 99.9% 99.9% 100.4% 99.4% 7.04
186 19D20 105.2% 99.4% 101.8% 101.7% 99.5% 7.04
187 19D20 105.3% 99.7% 101.2% 101.3% 100.0% 7.02
188 19D20 105.0% 99.9% 101.3% 101.1% 99.5% 7.04
189 19D20 104.6% 99.4% 100.7% 100.6% 98.5% 7.11
190 19D20 105.3% 99.0% 99.7% 101.3% 98.4% 7.11
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Table E2. Performance of Six Final Element Design Candidates for Cores 185-190 at EOC.

LEU 7 MW Performance vs. HEU 6 MW Performance

Power for
In-Core Twelve- Two-inch Fission Below-core Performance
Element | Irradiation | inch Beam | Pneumatic | Converter | Thermal Beam Equivalent to
Core Design (A2) Port Facility Window Facility HEU (MW)
185 18A30 105.5% 100.0% 101.9% 102.8% 100.8% 7.00
186 18A30 106.2% 102.2% 103.7% 104.4% 103.1% 6.85
187 18A30 106.1% 101.6% 103.3% 103.9% 102.1% 6.89
188 18A30 104.7% 99.1% 101.0% 101.7% 99.2% 7.06
189 18A30 105.2% 100.0% 101.6% 102.3% 100.0% 7.00
190 18A30 105.8% 99.1% 101.3% 102.5% 99.4% 7.06
185 18B25 105.7% 99.9% 101.4% 102.4% 100.9% 7.01
186 18B25 106.2% 101.8% 103.4% 104.0% 103.4% 6.88
187 18B25 105.7% 100.8% 102.6% 103.3% 102.2% 6.95
188 18B25 105.0% 99.4% 100.9% 101.9% 99.9% 7.04
189 18B25 105.2% 99.7% 100.8% 101.7% 100.3% 7.02
190 18B25 105.2% 98.4% 99.7% 101.7% 98.9% 7.11
185 19A25 104.7% 98.5% 100.6% 101.4% 98.9% 7.11
186 19A25 104.9% 100.4% 102.2% 102.8% 101.0% 6.97
187 19A25 105.0% 100.0% 102.4% 102.5% 100.4% 7.00
188 19A25 104.1% 98.4% 100.3% 101.1% 98.1% 7.13
189 19A25 104.9% 99.3% 100.9% 101.7% 99.1% 7.07
190 19A25 104.3% 97.5% 99.3% 101.0% 97.0% 7.22
185 19B25 105.4% 99.8% 101.7% 102.6% 100.4% 7.01
186 19B25 106.0% 101.9% 103.6% 104.1% 102.9% 6.87
187 19B25 105.7% 100.8% 103.3% 103.4% 101.6% 6.95
188 19B25 104.9% 99.8% 101.3% 101.9% 99.8% 7.01
189 19B25 104.5% 99.5% 101.0% 101.6% 99.2% 7.06
190 19B25 104.5% 97.8% 99.9% 101.5% 97.8% 7.16
185 19B30 105.9% 101.1% 103.3% 103.6% 101.6% 6.92
186 19B30 106.9% 103.0% 104.5% 105.4% 104.1% 6.80
187 19B30 106.5% 102.5% 104.6% 104.7% 103.2% 6.83
188 19B30 109.3% 106.2% 106.3% 107.4% 109.3% 6.59
189 19B30 105.3% 100.6% 102.5% 103.0% 100.5% 6.97
190 19B30 105.0% 98.9% 100.7% 102.5% 98.7% 7.09
185 19D20 104.2% 97.3% 98.8% 100.2% 97.5% 7.19
186 19D20 103.9% 98.7% 101.1% 101.6% 99.4% 7.09
187 19D20 104.5% 98.9% 101.3% 101.8% 99.5% 7.08
188 19D20 103.4% 97.2% 99.0% 99.6% 96.8% 7.23
189 19D20 103.9% 97.9% 99.7% 100.3% 97.7% 7.16
190 19D20 103.7% 96.6% 98.3% 100.0% 96.3% 7.27

Low Enriched Uranium Core Design for the Massachusetts Institute of Technology
Reactor (MITR) with Un-finned 12 mil-thick Clad UMo Monolithic Fuel

E-2




ANL/GTRI/TM-13/15
F. Fission Density of Depleted Cores

Table F1. Maximum Local Fission Density by Plate of Six Final Element Design Candidates
(fission/cc).

Reference
LEU
Plate Design 18A30 18B25 19A25 19B25 19B30 19D20
1 5.2E+21 | 5.0E+21 | 5.1E+21 | 5.2E+21 | 5.0E+21 | 4.5E+21 | 6.1E+21
2 4.4E+21 | 4.3E+21 | 4.4E+21 | 4.6E+21 | 4.4E+21 | 3.8E+21 | 5.5E+21
3 4.4E+21 | 3.8E+21 | 4.1E+21 | 4.2E+21 | 4.0E+21 | 3.4E+21 | 5.0E+21
4 4.4E+21 | 3.3E+21 | 3.7E+21 | 3.7E+21 | 3.6E+21 | 3.0E+21 | 4.7E+21
5 4.0E+21 | 3.1E+21 | 3.5E+21 | 3.5E+21 | 3.4E+21 | 2.9E+21 | 4.5E+21
6 4.0E+21 | 3.0E+21 | 3.4E+21 | 3.4E+21 | 3.3E+21 | 2.8E+21 | 4.3E+21
7 4.0E+21 | 3.0E+21 | 3.3E+21 | 3.3E+21 | 3.3E+21 | 2.8E+21 | 4.2E+21
8 4.0E+21 | 3.0E+21 | 3.3E+21 | 3.3E+21 | 3.3E+21 | 2.8E+21 | 4.2E+21
9 4.0E+21 | 2.9E+21 | 3.3E+21 | 3.3E+21 | 3.2E+21 | 2.8E+21 | 4.2E+21
10 3.9E+21 | 2.9E+21 | 3.4E+21 | 3.3E+21 | 3.2E+21 | 2.8E+21 | 4.2E+21
11 3.9E+21 | 2.9E+21 | 3.3E+21 | 3.3E+21 | 3.2E+21 | 2.8E+21 | 4.2E+21
12 3.9E+21 | 2.9E+21 | 3.3E+21 | 3.3E+21 | 3.2E+21 | 2.8E+21 | 4.2E+21
13 3.8E+21 | 3.0E+21 | 3.3E+21 | 3.2E+21 | 3.2E+21 | 2.8E+21 | 4.3E+21
14 3.7E+21 | 2.9E+21 | 3.3E+21 | 3.3E+21 | 3.2E+21 | 2.8E+21 | 4.2E+21
15 3.8E+21 | 3.0E+21 | 3.4E+21 | 3.2E+21 | 3.2E+21 | 2.8E+21 | 4.2E+21
16 3.8E+21 | 3.5E+21 | 3.8E+21 | 3.3E+21 | 3.2E+21 | 2.8E+21 | 4.3E+21
17 3.9E+21 | 4.0E+21 | 4.4E+21 | 3.9E+21 | 3.7E+21 | 3.1E+21 | 4.6E+21
18 4.7E+21 | 5.1E+21 | 5.2E+21 | 4.5E+21 | 4.2E+21 | 3.5E+21 | 5.0E+21
19 - - - 5.3E+21 | 5.0E+21 | 4.5E+21 | 5.8E+21
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